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Abstract: The solidification of Inconel 718 alloy (IN718) from undercooled liquid is studied. The
solidification kinetics is evaluated in melted and undercooled droplets processed using the elec-
tromagnetic levitation (EML) technique by the temperature–time profiles and solid/liquid (S/L)
interface movement during recalescence. The kinetics is monitored in real time by special pyrometri-
cal measurements and high-speed digital camera. It is shown that the growth velocity of γ-phase
(the primary phase in IN718), the final crystalline microstructure (dendritic and grained), and the
mechanical properties (microhardness) are strongly dependent on the initial undercooling ∆T at
which the samples started to solidify with the originating γ-phase. Particularly, with the increase
in undercooling, the secondary dendrite arm spacing decreases from 28 µm to 5 µm. At small and
intermediate ranges of undercooling, the solidified droplets have a dendritic crystalline microstruc-
ture. At higher undercooling values reached in the experiment, ∆T > 160 K (namely, for samples
solidified with ∆T = 170 K and ∆T = 263 K), fine crystalline grains are observed instead of the
dendritic structure of solidified drops. Such change in the crystalline morphology is qualitatively
consistent with the behavior of crystal growth kinetics which exhibits the change from the power law
to linear law at ∆T ≈ 160 K in the velocity–undercooling relationship (measured by the advancement
of the recalescence front in solidifying droplets). Study of the local mechanical properties shows
that the microhardness increases with the increase in the γ′′-phase within interdendritic spacing.
The obtained data are the basis for testing the theoretical and computational of multicomponent
alloy samples.

Keywords: Inconel 718; electromagnetic levitation; sharp interface model; phase distribution

1. Introduction

Ni-based superalloys are materials that exhibit excellent mechanical strength, high
temperature resistance, and good corrosion resistance [1,2]. The IN718 alloy, well known for
its exceptional mechanical properties, is a nickel-rich alloy that undergoes a sophisticated
precipitation hardening process [3,4]. The alloy is characterized by the formation of ordered
body-centered tetragonal precipitates, specifically in the form of γ′′-phase, which are finely
dispersed within the γ-matrix. This complex microstructural arrangement plays a key role
in enhancing the overall strength and performance of the alloy. The ordered γ′′-precipitates,
primarily composed of Ni3Nb, contribute significantly to the alloy’s strength by impeding
dislocation movement and hindering the progress of plastic deformation. As the volume
percentage of γ′′ increases, a more refined and densely populated precipitate network
forms, leading to a corresponding increase in strength [5–7].
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Previous experimental studies [8] and computations [9,10] show that the microstruc-
ture, segregation of chemical elements, and alloy preparation technique have a substantial
effect on the mechanical properties of the Inconel samples. The chemical segregation and
crystalline microstructure were investigated experimentally and computationally in the
positive temperature gradient [9,10] consistent with the welding and additive manufactur-
ing processing for small thermal gradients and cooling rates. For example, investigations
of Rahul et al. [10] were limited by cooling rates of 10 (K/s) and thermal gradients of
5 × 102 (K/m). The structure and chemical segregation in samples crystallized from under-
cooled state was also studied [9,11,12]. These studies also dealt with the analysis of samples
formed under small values of undercooling: grand-potential statement of the problem
within the phase field method apriory assumes small differences in chemical potentials [9]
and the as-cast samples assume only units of Kelvin in values of undercooling [11]. There-
fore, the motivation of the present study is to extend the analysis for samples of IN718
solidified under undercooling from units to several hundred Kelvin.

As a typical process of sluggish and rapid solidification evolving under small and
high values of undercooling, the electromagnetic levitation technique (EML method) is
used in the present work. This technique is well known to produce novel materials with
improved mechanical and electrical properties, namely, due to reaching large values of
undercooling at which metastable phases appear [13]. Therefore, a relationship between the
microstructure and mechanical properties of IN718 alloy is established using microhardness
measurements. Specific features of dendritic patterns are analyzed as the main crystalline
microstructure in alloy samples appearing during solidification from undercooled state.
The study of the kinetics of dendritic nucleation and growth enables us to predict the
formation of grains and defects in the microstructure of alloys. The obtained experimental
results are utilized as inputs and specific test values for computational modeling carried
out in our theoretical study [14]. As a final note, the experimentally found solidification
kinetics is analyzed in comparison with the sharp interface model predictions for the
dendrite velocity–undercooling relationship.

2. Materials and Methods
2.1. Electromagnetic Levitation (EML)

Samples of IN718 having the content specified in Table 1 were prepared in the form
of 800 mg cubes, and all sides were ground using P1200 SiC abrasive paper before the
EML experiments to eliminate the oxides and impurities. During the electromagnetic
levitation experiment, the whole solidification process can be observed directly [15,16]. The
main setup of the electromagnetic levitation device can be found in [17]. The levitation
process in this study was controlled by the power of a high-frequency generator, which
delivered a current to a coil that produced an electromagnetic field with the necessary
strength to levitate a specific sample with mass and geometric characteristics. In this study,
spherical samples of 5 to 7 mm in diameter were placed on a sample holder between the
upper and lower coils. An alternating current with a frequency (f) approximately equal to
300 kHz and a power (P) between 0.3 and 10 kW was used to generate the electromagnetic
field to counteract gravity and promote sample heating. For the experiments, the vacuum
chamber was first evacuated to 6 · 10−6 mbar and then refilled with high-purity He (6N)
to a pressure of 350 mbar in order to limit the evaporation of the sample. When the
sample was completely melted, the temperature was continuously increased to 200 K above
liquidus temperature TL to dissolve/evaporate oxides. Sample cooling and subsequent
solidification were initiated using cooling gas (He). The temperature of the sample’s top
surface was determined by an IR pyrometer (model IGA 140 MB 30L, Fa. LumaSense
Technologies) and an accuracy of ±2 K. In addition, a high-speed camera was utilized
to examine the recalescence events on the sample’s side surface in situ to quantify the
dendritic tip velocity under undercooled conditions. The camera’s highest frame rate is
125,000 fps and its two-dimensional resolution is 100 × 100 µm2 (128 × 32 pixels). These
melting and solidification cycles were repeated several times to examine tip velocities across
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a broad range of undercooling. This resolution is adequate to monitor growth velocities
ranging from 0.1 m/s to 100 m/s. The dendrite growth velocity V was determined using
the formula V = d/t, where d is the sample’s diameter and t is the recalescence period.
Additional information regarding EML device can be found in Refs. [17].

Table 1. Initial composition of IN718 [18] in wt.%.

Element Ni Cr Nb Mo Ti Al C Fe

Measured concentration 52.78 18.7 4.95 3.04 1.01 0.55 0.046 Balance
Powder concentration 54 18 8 2 0 0 0 Balance

2.2. Microstructure Investigation

The as-solidified samples were cut along the center cross-section and mounted in
conducting mounting resin, then grounded, and polished to 1 µm. To obtain a better
surface quality for further characterization the sample metallography was finished using
a vibratory polishing machine (Saphir Vibro). The solidification microstructure of the
samples was examined by scanning electron microscopy (SEM) in the backscattering mode
(Zeiss Evo 40, Carl Zeiss AG, Jena, Germany). Compositions of the bulk samples and phase
constituents were analyzed using an energy-dispersive X-ray spectrometer (EDS) with an
EDAX PV7715/89-ME detecting unit.

2.3. Mechanical Characterization

The measurement of microhardness was performed with a 200 g load using a Vickers
HMV-2000 hardness tester (Shimadzu Corp., Osaka, Japan). The cross-section of the sample
was evenly divided into multiple regions, and fifty microhardness tests were randomly
conducted within the designated regions under the same conditions to obtain the statistical
results on microhardness.

3. Results and Discussion
3.1. Thermal Behavior of the Samples

As illustrated in Figure 1, the present samples show the recalescence during the whole
cooling process from 1700 °C to 1000 °C. The thermal event refers to the nucleation of the
primary Ni-fcc phase, and with the increasing of undercooling the nucleation interval also
becomes shorter. The second recalescence is hypothesized to be the signal for carbide.

As shown in Figure 2, the interface growth velocity exhibits an exponential increase
within the range of small and intermediate undercooling and the possible change to the
linear law with the higher level of undercooling. Indeed, within the range of small and
moderate values of undercooling, the interface velocity increases gradually; however, the
velocity essentially rises at the higher undercooling approximately of ∆T = 160 K. Along
with the variation of growth rate, the recalescence front is also changed from mesoscopically
rough to smooth spherical/planar front (see transition in recalescence front in Figure 3a–f.
Very probably, the cellular/dendritic microstructure dictated by short-range solute diffusion
is changed in this case to the large dendrites growth which is governed by long-range
thermal transport. Such kinetic crossover is accompanied by the velocity rising existing
due to the nonequilibrium trapping of atoms (so/called “solute trapping effect”) in the
alloy [16]. The solute trapping decreases the solutal atmosphere around the solid/liquid
interface, respectively, decreasing the solute drag at the solid–liquid interface, and, as a
result, it leads to the increase in the crystal growth velocity. This behavior is shown by
calculations summarized in Appendix A and shown in Figure A1.
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Figure 1. Illustration of temperature–time profiles of the samples during EML experiment. The
undercooling ∆T is consistent with the nucleation and growth of the γ-phase as the primary dendritic-
grained structure. The undercooling consistent with MC might be related to origination of carbides.
Note that the temperature of the samples is well below the liquidus temperature at the end of first
recalescence, because, in many experiments with containerless samples, the temperature upon first
recalescence does not reach, and may be far from, liquidus temperature due to the ending of primary
solidification in which dendrites with the residual interdendritic liquid phase filled the bulk droplet.
In this case, the latent heat is not intensively released and the cooling gas around the droplet makes
the further temperature increase impossible.

Figure 2. Measured growth velocity V versus undercooling ∆T. The growth velocity represents
the experimental measurement of the recalescence front propagation, which is the envelope of
dendritic tips where the latent heat is intensively released. The dendrite velocity is shown at the
small undercooling (a) and in the whole range of the measured velocity and undercooling (b).

Figure 3. Cont.
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Figure 3. Recalescence front (envelope of growing dendritic tips). One can see different shapes of
recalescence front between undercooled liquid (dark part of the droplet) and primary crystalline
γ-phase (bright part of the droplet): (a) cellular–dendritic front in the mode of the atomistically
diffusion-limited growth of crystals; (b–d) dendritic front which becomes smoother with the increase
in undercooling, i.e., with the increasing tendency to have a transition from solute-diffusion mode
to thermal regime of the crystal growth; (e,f) planar front at the stage of pure thermal growth. The
dashed semi-spherical curve in (e,f) shows the hidden boundary of the droplet.

3.2. Microstructure Analysis

The SEM investigations showed that the samples that solidified at ∆T < 160 K have
a dendritic microstructure. Figure 4 demonstrates the microstructure consisting of three
microconstituents: periodic dark gray dendrite γ-matrix, halos of the precipitated γ′′-phase
(both γ′′-and Laves phases in our samples are found; however, one can only mention
them as γ′′ due to the rough resolution to quantify exactly these phase), and light gray
interdendritic region. Consistently with Figure 3, the microstructure becomes finer with
the increase in undercooling in samples (see Figure 4a–c).

Figure 4. Backscattered SEM micrographs of the samples processed by EML with the correspond-
ing growth interface morphology. The bright phase is the precipitation phase and the dark gray
phase is the primary dendrite: (a) ∆T = 24 K, (b) ∆T = 34 K, (c) ∆T = 63 K, (d) ∆T = 80 K,
(e) ∆T = 170 K; (f) carbides upon solidification at ∆T = 170 K. The transition from dendritic to small
granular microstructure shown here is from the undercooling range 24 ≤ ∆T(K) ≤ 80 to the highest
undercooling ∆T ≥ 170 K. The carbides were formed within interdendritic space that is shown in (f)
by fragment of the grain’s boundary.

In addition to the typical dendritic structure, fine equiaxed grains (Figure 4e) were
found in the sample solidified at ∆T = 170 K. At the boundaries among dendritic cells,
precipitation phases of different shapes can be seen due to the segregation of the local
chemical composition. The varying brightness of the dendritic cells in Figure 4e exists
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mainly due to the various crystal orientations. The relationship between the structure of
undercooling liquid and nucleation is an issue of discussion in [19,20]. The correlative
study carried out showed that solidified samples of IN718 show grain sizes on the order
of micrometers, and they are very heterogeneous at the microscale. Our metallographic
and electronic microscope studies show that the typical size of grains has the order on
micrometers in samples of IN718 solidified at the undercooling of 10–80 K. When the
undercooling of samples reaches 170 K, the structural region with equiaxed morphology is
found. This region can be caused by the high cooling rate near the bottom of the sample [16].
According to the nucleation theory [19,20], the nucleation rate in the alloy melt increases
with the rise of undercooling. Therefore, there are more nuclei formed in the highly
undercooled alloy melt than in the less undercooled alloy melt. In addition, the strong
recalescence under higher undercooling conditions can also remelt and break the dendrite
arms due to their instability [21,22]. Finally, the cross-section with these small grains may
represent crystalline cells in the direction perpendicular to the primary growth direction.

3.3. Dendrite Arm Spacing Analysis (Linear Intercept Method)

The primary dendrite arm spacing (PDAS) and secondary dendrite arm spacing
(SDAS) can be utilized to evaluate the structure of samples solidified at different under-
coolings. PDAS has a significant effect on the mechanical properties, but the secondary
dendrite arm spacing has a direct effect on the segregation of components, the secondary
phase precipitation, and the distribution of microscopic shrinkage defects. Moreover, the
SDAS is responsible for the interdiffusion of alloy components and, respectively, for the
homogenization of a sample. Using ImageJ software (version 1.53e), the line intercept
method was applied to measure the primary and secondary dendrite spacings, follow-
ing the procedure described in [23]. It can be seen from Figure 4 that the microstructure
of samples solidified at different undercooling is composed of well-developed dendritic
structures up to the undercooling ∆T = 80 K. The PDAS and SDAS are characterized by a
decreasing trend in microstructure with the increase in undercooling. This is a well-known
trend caused by the higher solidification rate and also the increasing thermal gradient [19].
During the rapid solidification process, a great number of crystal nuclei in the melt pool
do not have enough time to grow and create grains. Furthermore, based on the theory
introduced by Kirkwood [24], the spacing between secondary dendrite arms is proportional
to the undercooling (Figure 5): at lower undercooling, one can find the bigger distance
within the space of PDAS and SDAS. In the range of 63 K and 80 K, the characteristic space
in PDAS and SDAS tends toward confluence. This means that the characteristic length
of the dendrites decreases such that it becomes the order of distance between secondary
arms. For the exceptional undercooling of 170 K, the grain size is not presented in Figure 5
because small-grained crystals were found in this highly undercooled sample.

Figure 5. Measurements of primary and secondary dendrite arm spacings using intercept method
(100 measurements for each error bar). Measurements were made for IN718 samples (droplets)
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processed in EML and solidified at the different undercoolings. The curve shows the qualitative behav-
ior of the dendrite (primary and secondary) arm spacing. This behavior is completely consistent with
the growth of dendrites in the solute diffusion-limited mode (∆T < 80 K), thermally controlled regime
of dendrite growth (∆T > 160 K), and within the range of the transitive mode (80 < ∆T(K) < 160)
from solute diffusion to thermally controlled regime. For details, see the overview in [25].

3.4. Phase Fraction Using Scanning Electron Microscopy Image Analysis

In this study, phase distribution in IN718 samples was characterized using scanning
electron microscopy (SEM) under the backscattered electron (BSE) mode. The software
MATLAB 8.0 was utilized for all BSE image processing. MATLAB open-site programs
were developed to process grayscale photos with gray intensity values ranging from 0 to
255. Before background correction, the BSE pictures underwent preliminary processing,
which includes histogram normalization and noise filtering. Once the background of the
BSE image became homogeneous, a global threshold was applied to the entire grayscale
image. If a pixel’s gray intensity was below the threshold, it was assigned the value 0 (black),
while all other pixels were assigned the value 1 (white). The fraction of different phases
was determined based on the grayscale differences among distinct phases. The results
shown in Figure 6 indicate that the fraction of the primary γ-phase (primary dendrite region)
presents a trend of increasing in the range of small undercoolings (13–63 K), for instance, the
fraction reaches its summit at 63 K of 70.2% and shows a gradual decrease up to 68.9% at
∆T = 80 K. By contrast, fraction of the γ′′-phase shows a downward direction in this range
of undercooling, in which the phase fraction changes from 9.2% to 6.3% at ∆T = 13–80 K.

Figure 6. Analysis results of phase fraction for IN718 samples with undercoolings of 13 K, 34 K,
63 K, and 80 K. Note that the beginning of the decrease in the γ-phase fraction (primary dendrites)
begins to decrease precisely in the range of undercooling ∆T = 60 . . . 80 K. As follows from Figure 5,
this range is associated with the change of the primary dendritic arm spacing from its minimum
value to the beginning of an increase in this dendritic spacing. It is quite possible that part of the
sample crystallized at ∆T = 80 K, in which γ-phase measurements were made, and already shows
an increase in the dendritic arm spacing, a decrease in the dendritic dispersity, and, as a consequence,
a decrease in the dendritic phase fraction from the sample crystallized at ∆T = 63 K to a sample
crystallized at ∆T = 80 K.

3.5. Mechanical Properties

Several different methods to measure the mechanical properties are known to quan-
titatively estimate the elasticity, plasticity, hardness, and fragility of alloy samples. In
the present work, microhardness by Vickers was measured to obtain averaged values of
microhardness over the entire cross-section of the specimen.
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Methodically, each sample was tested at room temperature statistically under the
same conditions. Our measurements show that the Vickers hardness of the IN718 samples
solidified with the undercooling between 13 K and 170 K is in a range from 211 HV
0.2 ± 10 to 244 HV 0.2 ± 17. Within this measurable range of microhardness, the nonlinear
dependence on undercooling was found (see Figure 7). The obtained dependence shows a
clear trend for microhardness increasing. The dispersion of dendritic structure with γ-phase
increases (see Figure 6); therefore, microhardness increases with undercooling (Figure 7).
These measurements are consistent with the downward branch of the dendrite arm spacing
at ∆T < 85 K, i.e., within the diffusion-limited range of the dendrite growth. The only
points at which dispersion decreases and microhardness increases are attributed to the
sample solidified ∆T = 80 K. In our understanding, around this point, the transition from
solute diffusion-limited growth to thermally controlled growth begins. Namely, around this
point, the solute trapping starts with the formation of the metastable crystalline structure,
which usually leads to improved material properties of alloys [13].

Because the presently measured microhardness gives only averaged values, which give
information for every measurement value on several phases, the reason for the appearance
of the nonlinearity of Figure 7 might be clarified after nanoindentation.

Figure 7. Microhardness by Vickers in IN718 samples solidified at different values of undercooling.

4. Conclusions

The solidification behavior of droplets and their growth front was investigated us-
ing an EML facility with observations recorded by IR pyrometer and a high-speed camera.
The solidification kinetics were evaluated within the undercooling range of 13 K to 263 K. This
temperature variation corresponds to dendritic growth velocities ranging from 6 · 10−3 m/s
to 16.8 m/s.

In the range of the diffusion-limited growth within which the dispersion of dendrites
increases (the dendrite arm spacing decreases), the increase in microhardness was obtained.
At the very beginning of the transition to thermally controlled growth, the dispersion
decreases (the dendrite arm spacing increases) but the microhardness is still increased. This
tendency exists due to the beginning of solute trapping and formation of the metastable
phase, exhibiting the improved hardness of samples at higher undercooling.

The transformation of the microstructure in IN718 alloy, shifting from dendrite to
grain, and the decreasing of the dendrite arm spacing were discussed with respect to the
increasing undercooling. It was found that

- The sharp change in the shape of the recalescence front exists at ∆T = 170 K;
- The crystalline microstructure changes at ∆T = 170 K;
- The characteristic dendritic arm spacings change by the novel exponential law at

∆T > 170 K.

These drastic changes are the result of the transition from solute diffusion-limited to
thermally controlled growth predicted by the experimental measurements of the dendrite
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growth velocity and confirmed by the predictions of the theoretical model. The transition
to pure thermally controlled growth is sharp and it occurs at the dendrite growth velocity
equal to the speed of solutes diffusion in bulk liquid.
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Abbreviations
The following abbreviations are used in this manuscript:

IN718 Inconel 718
EML Electromagnetic levitation
S/L Solid–liquid
TLA Three letter acronym
SEM Scanning electron microscopy
BSE Backscattered electron
PDAS Primary dendrite arm spacing
SDAS Secondary dendrite arm spacing
EBSD Electron backscattering diffraction
EDS Energy-dispersive X-ray spectrometer

Appendix A. Sharp Interface Model and Predictions of Crystal Growth Kinetics

Equations of the sharp interface model [25] combine a selection criterion of stable den-
drite mode and the balance of undercooling contributions at the dendritic tip by taking into
account the local nonequilibrium at the interface and in bulk liquid. The total undercooling

∆T ≡ TL0 − T0 = Tm + mNb
e cNb

0 + mCr
e cCr

0 − T0, (A1)

represents the temperature balance at the dendrite tip as

∆T = ∆TT + ∆TC + ∆TN + ∆TR + ∆TK, (A2)

where cNb
0 and cCr

0 are the nominal concentrations of Nb and Cr, respectively, mNb
e and mCr

e
are the liquidus line slopes in the equilibrium phase quasi-binary diagrams of Ni − Nb and
Ni − Cr, respectively, T0 is the far-field temperature of the liquid, and Tm is melting tempera-
ture of nickel. The extension to three-component alloy on the basis of definitions (A1) and (A2)
was also made for Ni − Zr − Al alloy [26].

The total undercooling (A2) is determined as a sum of thermal contribution ∆TT ,
constitutional undercooling ∆TC caused by solute redistribution at the solid–liquid inter-
face, the shift ∆TN of the liquidus line from its equilibrium position in the kinetic phase
diagram of steady-state solidification undercooling ∆TR due to the interface curvature
(Gibbs–Thomson effect), and the kinetic undercooling ∆TK that determines the intensity of
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atomic kinetics on the dendritic tip. The concrete definitions of the undercooling contribu-
tions are given in our previous works, for instance, in Refs. [25].

Because Equation (A2) is the only equation for two variables, the velocity V and radius
R of the dendrite tip, at the given (and experimentally measurable) undercooling ∆T, a
second equation is provided by the following stability condition [25]:

R =


1
σ
· d0∆0

TQPTξT − 2∆vPCξC
, V < VD;

1
σ
· d0∆0

TQPTξT
, V ≥ VD.

(A3)

The condition (A3) follows from the expression σ∗ ≡ 2d0DT/(R2V) = σ[ fT(PT)ξT(PT) +
fC(PC)ξC(PC, V/VD)], which describes the stable mode of the dendritic tip growth due to
anisotropy εc of the interfacial energy, and the stability parameter is proportional to the
anisotropy as σ ∝ ε7/4

c [27–30]. The thermal stability function in rapid solidification is given by

ξT(PT) = [1 + b1
√

15εcPT(1 + b0DT β/d0)]
−2, (A4)

where b0 and b1 are the asymptotic coefficients of joiningof large thermal Péclet numbers
regime and growth kinetics regime, respectively, and β = 1/(µkTQ) is the kinetic growth
parameter. The chemical stability function at rapid solidification is described by

ξC(PC, V/VD) =


1 + b2

√
15εcP∗

C(1 + b0DLβ/d0CD)
−2, V < VD;

0, V ≥ VD,
(A5)

where b2 is the asymptotic coefficient of joiningof large thermal Péclet numbers regime,

d0CD is the chemical capillary length, and P∗
C = PC/

√
1 − V2/V2

D.
The limit VD → ∞ describes the regime of Fickean diffusion under the local thermo-

dynamic equilibrium in bulk phases. Applying this limit to the stability growth mode by
Equations (A2)–(A5) predicts the criterion formulated by Trivedi and Kurz [31] developed
for rapid dendritic growth [32]. Within the limit of small Peclét numbers, PT ≪ 1 and
P∗

C ≪ 1, and with the local equilibrium limits VDI → ∞ and VD → ∞, Equations (A3)–(A5)
transform to previously obtained conditions of Ben Amar and Pelcé [28]. The selection
criterion (A3) is written for the four-fold symmetry of crystal lattices that can be generalized
to other crystalline symmetries [33,34].

Figure A1 demonstrates results of computations using the sharp interface model (A1)–(A5)
and the material parameters of IN718 in the ternary alloy approximation (to adjust our cal-
culations to experimental data in dendrite growth kinetics (Figure A1), the special material
parameters were shifted a bit in comparison with the previous data on quasi-binary approxi-
mation of INCONEL 718. The change in solute partitioning coefficient and liquidus line slope
for Ni − Nb is consistent with the change of parameters for the Ni − Nb alloy modeled in
quasi-binary approximation for Inconel [15]) summarized in Table A1. The Ni − Cr − Nb
ternary approximation of IN718 was chosen since Nb is a key alloying element in this alloy
for precipitation hardening. It forms carbides and contributes to the formation of γ′′-phase
Ni3Nb, strengthening the alloy through precipitation hardening mechanisms. The chromium
is a solid-solution strengthener in nickel-based alloys such as the IN718 alloy. It forms a
solid solution with the nickel matrix, contributing to the alloy’s strength and hardness. Also,
Cr contributes to the formation of Laves-phase (Ni, Fe, Cr)2(Nb, Mo, Ti). As is known, the
formation of long-chain Laves phase promotes initiation and propagation of cracks [35]. With
the movement of the solidification front, the solutes are accumulated at the interface, and most
of them are partitioned to the residual liquid phase enriching the area between the dendrites. It
is a possible mode of carbides and Laves-phase precipitation [36]. To investigate the influence
of solutes with partitioning coefficient smaller than 1 (ke < 1 exhibits solute element Nb in the
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solvent Ni) and larger than 1 (ke > 1 exhibits solute element Cr in the solvent Ni), the sharp
interface model for the ternary Ni − Cr − Nb system is developed and used in the Appendix
A of the present paper. Computations are shown for three different ranges of undercooling:

- Theoretically well-described region of small values of undercooling in which the
dendrite growth proceeds in the solute diffusion-limited mode (Figure A1a); some
discrepancy between theoretical curve and experimental data might be attributed to
the ternary approximation in solidification analysis of the multicomponent IN718 alloy.

- Theoretical description of the transition from solute diffusion-limited to thermally con-
trolled growth with a small shift of the model prediction, with relatively experimental
data for its beginning; see the difference in undercooling between ∆T(th)

ST and ∆T(exp)
ST

in Figure A1b.
- The whole range of undercooling, including the sharp change to the purely thermally

controlled growth at V = VD = 3.7 (m/s) (Figure A1c).

Table A1. Sharp interface model parameters for IN718 in the Ni− Nb−Cr ternary alloy approximation.

Parameter Sharp Interface Model Refs.

Niobium concentration, cNb
0 5 wt% pw

Chromium concentration, cCr
0 18 wt% pw

Niobium partition coefficient *, kNb
e 0.38 pw

Chromium partition coefficient *, kCr
e 1.12 pw

Equilibrium liquidus slope of Ni-Nb, mNb
e −10.51 K/wt% [37]

Equilibrium liquidus slope of Ni-Cr, mCr
e 10.156 K/wt% [37]

Melting point, Tm 1726 K pw

Gibbs–Thomson coefficient, Γ 1.55 · 10−7 K·m [38]

Adiabatic temperature of solidification, TQ 259.72 K pw

Nb diffusion coefficient, DNb
L 9 · 10−9 m2/s [39]

Cr diffusion coefficient, DCr
L 1.523 · 10−8 m2/s [39]

Thermal diffusivity, aL 7.19 · 10−6 m2/s [39]

Kinetic growth coefficient, µK 0.15 m/s/K pw

Capillary anisotropy strength, ϵc 0.02 pw

Bulk diffusion speed, VD 3.7 m/s pw

Diffusion speed of Nb at the interface, VNb
DI 0.5 m/s pw

Diffusion speed of Cr at the interface, VNb
DI 0.15 m/s pw

Stability constant, σ0 0.0085 pw
* pw—present work.

As is seen from Figure A1, the three different regimes, which are characterized by
different values of length scales, are described using the only theoretical model. Using the
three-component (Ni − Nb − Cr) approximation for IN718 (consisting of eight chemical
components in reality; Table 1) might be satisfactorily described by Equations (A1)–(A5).
Especially, the transition to the pure thermally controlled growth is predicted by the
experimental measurements of the dendrite growth velocity as the sharp transition (see
Figure A1c), consistently with

- The sharp change in the shape of recalescence front that is fixed at ∆T = 170 K
(see Figure 3b–c);

- Drastic change in the crystalline microstructure fixed at ∆T = 170 K (see Figure 4b–c);
- Novel exponential behavior of the dendrite arm spacing fixed at ∆T > 170 K (see Figure 5).
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Figure A1. Dendrite growth velocity V as a function of undercooling ∆T for IN718 alloy. The
experimental data are represented by the symbols, and the lines give the predictions of the sharp
interface model given by Equations (A1)–(A5): (a) for region of relatively small undercooling; (b) for
small and intermediate undercooling; and (c) in the whole range of undercooling. “The First Frame–
Last Frame method” (FF–LF method) was used to estimate the growth velocity [40]. In this method,
the time from the first frame and the time for the last frame of the digital movie from the high-speed
camera recording are taken for the period of the primary phase growth in covering the entire sample
by the recalescence front. The error bars in the data were determined by 1/total number o f f rames
from the recorded digital movie of the high-speed camera.

We especially note that the jump in dendrite tip velocity V shown in Figures A1b and 2
around ∆T = 100 K is explained by the experimentally measured step around the minimal
value of the dendrite tip radius R at the very ending of the solute diffusion-limited growth
and at the beginning of the transition to thermally-controlled growth. At this point, R
is going through the minimum and may take smaller/bigger values in the free dendrite
solidification, leading to the appearance of the step for V-data. Indeed, as it follows from
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values for dendrite arm spacing, which are directly correlated with R (see Figure 5), the
transition of “bigger–smaller–bigger” V-values occurs in the range of the undercooling
75 < ∆T(K) < 110.

The transition to the pure thermally controlled growth is sharp and it occurs at the char-
acteristic velocity (the bulk diffusion speed VD is the characteristic speed for the diffusion
front propagation [41,42]. This speed describes the maximum speed for solute diffusion
and characterizes the beginning of the diffusionless solidification with the transition to
the thermally controlled growth) V = VD = 3.7 (m/s) (Figure A1c), which is 5 . . . 7 times
smaller than the same transition obtained experimentally and described theoretically for
substitution or interstitial binary alloys [25]. Such a big difference in the bulk diffusion
speed VD in the multicomponent and binary alloys can directly indicate the essential de-
celeration of the diffusion processes in the complex and chemically multicomponent alloy
with possible atomic interactions among them. Furthermore, even with the averaging
of the bulk diffusion speed in multicomponent IN718 alloy, we are able to predict the
sharp ending of the transition to pure thermally controlled growth of dendrites around
the initial undercooling ∆T = 170 K (see Figure A1c) that generally follows from the
theory of rapid solidification (see Ref. [25] and references therein). The transition to pure
thermally controlled growth leads to the growth of big thermal dendritic patterns with
a characteristic scale comparable with the size of droplets, which are represented by the
smooth recalescense front (see Figure 3).
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