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Abstract: Metal fused-coating technology has the advantages of both low cost and high efficiency
and is a new additive manufacturing technology in recent years. The previous studies were mainly
aimed at the optimization of process parameters and the control of the surface quality of parts,
while there were few theoretical analyses on the microstructure morphology after solidification. A
three-dimensional transient numerical model was established to calculate temperature gradient and
solidification rate, considering the changes in material physical properties with temperature during
the calculation process. The temperature gradient on the substrate surface is jointly affected by
the melt flowing out of the nozzle and the welding arc. It was found that the solidification front
of the aluminum alloy was in an unstable state during the coating process. When the value of
G/R decreases, the microstructure of the solidification interface gradually changes from columnar
crystals to columnar dendrites and equiaxial crystals. The microstructure at the bottom of both the
molten pool and coating layer is columnar crystal, while the microstructure at the upper part is
equiaxed crystal.

Keywords: metal fused coating; additive manufacturing; microstructure; 2024 aluminum

1. Introduction

Due to the advantages of high specific strength, low density, and good plasticity,
2024 aluminum alloy is widely used in the aerospace industry to produce various high-
load parts and components, such as frame parts and skins on airplanes [1]. With the
increasing demand for the integration of complex parts in various military and industrial
fields, traditional machining methods have become increasingly inadequate. Metal additive
manufacturing technology can realize the direct forming of complex 3D digital models into
metal parts, which can effectively make up for the shortcomings of traditional processing
technology [2,3]. Mainstream additive manufacturing technology usually uses high-power
lasers [4], electron beams [5], or welding arcs [6] as heat sources and adopts powder or wire
as raw materials. In recent years, a lot of effort has been put into improving the quality
of additive manufacturing parts. For example, Gu [7] and Wang [8] studied the effect
of particle reinforcement on laser additive manufacturing and found that the addition
of a reinforcement phase significantly improved part performance. FU [9] uses hot wire
for arc additive forming, effectively controlling pore defects. Nowadays, high-precision
additive manufacturing technology can even process surface nanostructure and is widely
used in military and medical fields [10-12]. However, since the equipment and materials
are expensive and the production efficiency is relatively low [13], the application in the
industrial production field is limited. Therefore, it is necessary to develop an efficient and
low-cost aluminum alloy additive manufacturing technology.

Microstructure morphology plays an important role in the mechanical properties of
metal components [14]. The research on the microstructure evolution process has great
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significance in obtaining the desirable microstructure and controlling the performance of
parts [15]. In melting-based additive manufacturing, once the material is irradiated by
a high-energy beam, the local temperature will instantly surge above the melting point
and form a micro-molten pool. The cooling rate of additive manufacturing can reach
102~10° K/s, which is much higher than casting [16]. As a result, the mechanisms of
the microstructure evolution are different, too. The main methods for microstructure
simulation include the phase field method [17], cellular automation [18], and the Monte
Carlo method [19]. Hosseinzadeh simulated the microstructural evolution of NiTi alloys
through a multiscale numerical model, which is divided into two parts: thermal analysis
and microstructure evolution [20]. Panchenko assessed the microstructure transforma-
tions using the calculated continuous cooling transformation (CCT) diagram [21]. Yan
established a microstructure evolution model based on finite difference—cellular automaton
and found that dendrites were refined with increasing cooling rates [22]. Xue proposed a
physics-embedded graph network and improved computing speed by 50 times compared to
traditional direct numerical simulation [23]. Due to complex thermal conditions, the quan-
titative relationship between process parameters and solidification factors is still missing.

The metal fused-coating process was originally proposed by our research group as
a novel additive manufacturing technology [24]. The schematic diagram of the metal
fused-coating equipment is shown in Figure 1. Electromagnetic induction heating is used
in combination with a graphite crucible to melt the raw materials, such as bars and blocks.
Aluminum alloy melt is less prone to bonding with the graphite at high temperatures, so
the crucible made of graphite material is more conducive to cleaning and can effectively
reduce the resistance of melt flowing from the nozzle. The melt temperature in the crucible
is precisely controlled by a temperature controller, and the melt flows out of the nozzle
under pressure above the liquid level. In order to prevent the aluminum alloy melt from
blocking the nozzle after oxidation and avoid oxide inclusion inside the forming part, the
whole forming process is carried out in an argon glove box. The nozzle remains stationary
while the substrate mounted on the translation platform moves in three dimensions during
the coating process.
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Figure 1. The schematic diagram of the metal fused-coating equipment.

A schematic diagram of the local forming area of the fused coating is shown in Figure 2.
The molten aluminum alloy flows out of the nozzle and then spreads around under the
squeeze of the nozzle until it is completely solidified. The 3D motion platform moves
according to the layered trajectory of the processed parts. After the current layer has been
deposited, the 3D motion platform descends by one layer and begins processing the next
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layer. In order to achieve metallurgical bonding between adjacent deposition layers to
improve interlayer bonding strength, the AC pulse TIG arc is used for preheating.

P ""“\—Welding arc
Former layer -_— Molten pool

Deposition layer

Figure 2. Schematic diagram of the local forming area.

The previous research on fused coating mainly focused on the control of forming
quality, the influence of process parameters, and numerical analysis of the heat flow field.
Fang studied the influence of process parameters on the width and height of the deposition
layer to improve the surface quality of the formed parts [25]. Wang [26] designed a laser
band-pass composite filter sensing system to realize dynamic control of deposition layer
dimension during fused coating. Zhao [27] studied the driving forces of the preheating arc
during the fused-coating forming process and predicted the cross-sectional morphology of
the deposition layer. Du developed a 3D-thermal FVM model to calculate the temperature
field and macromorphology of parts [28]. However, there was relatively little theoretical
analysis of microstructure morphology during fused coating. This paper intends to reveal
the mapping relationship between microstructure character and solidification parameters
based on classical solidification theory [29].

2. Materials and Methods

The numerical analysis model and boundary conditions are shown in Figure 3. Flow-
3D is based on the finite-difference method and meshes the entire computing domain rather
than individual components. For a clearer representation of the model, the spatial mesh is
hidden. The upper boundary is set as the pressure boundary, and a fluid source phase is
set at the upper boundary, which can continuously provide high-temperature aluminum
alloy melt for the coating nozzle. The model adopts relative pressure, so the atmospheric
pressure was set to zero. Due to the symmetry of the model, the XOZ plane is set as the
symmetric boundary. The bottom boundary is set as a wall, and the remaining boundaries
are set as continuous boundaries. The pulse frequency of the welding machine current is
5 Hz, and the base current and peak current are 120 A and 200 A, respectively. The nozzle
temperature is constant at 973 K, while the initial temperature of the substrate and the
ambient is 298 K.
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Figure 3. Numerical analysis model and boundary conditions.
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The generalized minimum residual solver (GMRES) was chosen for pressure calcula-
tion due to its rapid convergence and parallel efficiency. The multiplier for the dynamically
adjusted convergence criterion is set to 0.85, while the explicit solvers were adopted for the
calculation of heat transfer and viscous stress, and the maximum number of iterations is
set to 8000. In the calculation of this article, the residual and heat balance standards are set
toR < 1074, 0.999 < 6< 1.001. It was found through calculation that the impact of higher
convergence standards on the results can be ignored.

High-purity 2024 aluminum alloy bars are used as raw materials, and the surface
oxide skin is polished off with sandpaper before being placed in a crucible. The chemical
composition and its mass fraction of 2024 aluminum alloy are shown in Figure 4.

Figure 4. The chemical composition and its mass fraction of 2024 aluminum alloy.

The thermal physical property parameters of 2024 aluminum alloy were calculated by
JMatPro, and the changes of specific heat, heat transfer coefficient, density, and viscosity
with temperature were also considered during numerical calculation. The arc driving
forces, such as surface tension, buoyancy, arc pressure, Lorentz force, and drag force, were
all added to the model through self-programming.

In the rapid solidification process of metals, undercooling is a key parameter for con-
trolling dendrite growth [30]. The boundary of the solid—liquid interface was determined
by numerical calculation results, and the average temperature gradient and solidification
rate were used to speculate on the internal microstructure of the aluminum alloy after
solidification. Figure 5 is a schematic diagram for calculating the average temperature
gradient in the molten pool.

Arc scanning direction  V

o

Arc center

Molten pool

Substrate surface Fusion line

Figure 5. Schematic diagram for calculating the average temperature gradient.
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As shown in Figure 5, point A is the intersection of the fusion line and the centerline
of the melt pool, and T}, is the peak temperature inside the molten pool. The average
temperature gradient along the specified plane in the molten pool is defined as [31]:

T, — T
Gzi”d > (1)

where G is the average temperature gradient, T is the solid phase temperature, and d
represents the distance between point A and the peak temperature point.

During the arc preheating process, the movement direction of the solidification front
of the molten pool always follows the maximum thermal gradient direction perpendicular
to the solid—liquid interface. The temperature gradient varies at various points on the
fusion line and the solidification rate at the solid —liquid interface in the stable section can
be defined as [31]:

R=V-cosa (2)

where R is the solidification rate in the stable section of the molten pool, V is the arc
scanning velocity, and « is the angle between the normal direction of the solid —liquid
fusion line and the scanning direction.

As shown in Figure 6, dy and dy are the distances from the molten pool center along the
horizontal plane and the vertical plane to the boundary, respectively. Then, the solidification
velocity in the horizontal and vertical directions can be expressed as:

R = 4 (d) ®
Ry = & (av) @
TP dH

Liquid phase

Mushy zone
Molten pool

Solid phase

Figure 6. Diagram of average temperature gradient of molten pool cross section.

3. Results

The ratio of average temperature gradient to solidification rate (G/R) and its product
(G-R) are important factors affecting the microstructure morphology and scale of molten
pool solidification. When the value of G/R increases, the microstructure morphology at the
interface transitions from equiaxed dendrites to cellular dendrites. The isotherms of the
substrate surface at different times are shown in Figure 7.
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Figure 7. The isotherms of the substrate surface at different times. (a) Time at 0.05s, 0.1 s, and 0.15s.
(b) Time at0.2s,0.25s,and 0.3 s.

In Figure 7, Tpin is the overall lowest temperature, Tmax is the highest temperature
overall, Tcmin is the lowest temperature of the isotherm, and Temax is the highest tempera-
ture of the isotherm. The red words in the Figure 7a are the explanation of the contour in
the corresponding position. It can be seen from Figure 7 that the temperature field of the
upper surface of the substrate is mainly affected by two parts: the metal melt flowing out
of the coating head and the arc heat source. The blank part of the molten pool is caused by
the concave surface of the molten pool caused by the arc pressure.

In order to obtain the solidification rate, the solid phase fraction of the molten pool
cross-section at different times was calculated as shown in Figure 8, where blue represents the
solid phase, red represents the liquid phase, and between the two colors is the mushy region.

The surface of the molten pool in Figures 6d and 8c is significantly higher than that
of the substrate due to the continuous forward movement of the welding arc. During the
peak current period, the molten pool is concave under the action of the arc forces, and the
fluid in the molten pool is pushed to the rear. The variation curve of dy and dy with time
from the highest temperature point to solidification in the molten pool obtained through
software postprocessing is shown in Figure 9. The cooling curve of T, point is shown in
Figure 10.
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Figure 8. Solid phase fraction of molten pool cross-section at different times.
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Figure 9. The variation curve of dy and dy with time.
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Figure 10. The cooling curve of T, point.

The sudden increase in temperature at the molten pool center in Figure 10 is caused by
the switching of the welding current from the base current to the peak current. According
to Figures 9 and 10, the values of G/R and G-R at the fusion line of the molten pool at
different times in the horizontal and vertical directions were calculated, and the results are
shown in Figure 11.
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Figure 11. The values of G/R and G-R at different times of the molten pool.

Since the values of dy, dy, and T, were not monotonic over time, the values of G
and R fluctuated all the time. As a result, the G/R and G-R values in Figure 11 were not
monotonic, either. Using the same calculation method, the values of G/R and G-R during
the solidification process of a single fused-coating layer can be obtained. The time when

the coating layer begins to solidify is set to be the initial moment, and the result is shown
in Figure 12.
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Figure 12. The values of G/R and G-R during the solidification process of fused coating.
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4. Discussion
4.1. Analysis of Microstructure Morphology of Preheating Molten Pool and Coating Layer

As shown in Figure 12, the values of G/R and G-R during the solidification of the
coating layer fluctuate less than those during the solidification of the molten pool. This is
mainly because the coating layer gradually moves away from the arc during the solidifi-
cation process and is less affected by changes in pulse current. The relationship between
microstructure morphology, solidification rate, and temperature gradient is shown in
Figure 13 [32].
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Figure 13. Relationship between microstructure morphology, solidification rate, and temperature
gradient.

Temperature gradient and solidification rate play an important role in the microstruc-
ture morphology of the aluminum alloy after solidification. Usually, the G/R controls the
solidification mode, while G-R governs the scale of solidified microstructure. As shown in
Figure 11, when the solidification rate is low and the temperature gradient is high, it tends
to generate planar crystals during the solidification process. When the curing rate increases
and the temperature gradient remains high, there is a tendency to form cell crystals that
regenerate into dendrites during the curing process. When the temperature gradient is low,
columnar or equiaxed crystals will be generated during the solidification process. In short,
an increase in the G-R value represents an increase in cooling rate and a gradually finer
microstructure.

According to solidification theory, the microstructure of fused coating is mainly formed
through grain nucleation and growth during the solidification stage of the melt pool. Dur-
ing the solidification process of metal alloys, the redistribution of solute causes a change
in solute concentration at the solidification front, resulting in a difference between the
actual and theoretical solidification temperature. The difference is also known as under-
cooling. According to the component undercooling theory, the existence of component
undercooling is a necessity and sufficient for the instability of the solidification interface.
Therefore, whether the components at the solidification front are subcooled is a criterion
for determining whether the solid—liquid interface is in a stable state. The stability of the
solidification front can be determined according to the G/R value. The criterion for judging
the undercooling at the solidification front is shown in Equation (5):

G/R < ATg/Dy, )

where AT, is the equilibrium solidification temperature range under a given component and
Dy is the solute diffusion coefficient. For 2024 aluminum alloy, the values of ATg and Dy, are
94 K and 2.8 x 1073 mm? /s respectively, so ATg /Dy = 3.36 x 10* Ks/ mm?, which is much
higher than the value of G/R; therefore, the solidification front is in an unstable state.

As heat is extracted from the substrate, solidification proceeds directionally from the
substrate to the molten liquid. During solidification, solute atoms are repelled into the melt
and a solute accumulation layer is formed before the solid—liquid interface. The grains
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in the columnar crystal region are arranged perpendicular to the wall and parallel to the
direction of heat flow, exhibiting anisotropy. The grains in equiaxed crystals have small
differences in size in each direction. According to the theory of constitutional supercooling,
as the solidified layer moves inward, the heat dissipation capacity of the solid phase
gradually weakens, the internal temperature gradient tends to be flat, and the solute atoms
in the liquid phase become more and more enriched, so that the component supercooling
in front of the interface gradually increases. It is generally accepted that the transport of
heat and solute during solidification has great significance in determining the final grain
size and morphology. The steep temperature gradient and rapid solidification rate result
in columnar grain growth from the molten pool boundary [3]. When the constitutional
supercooling is large enough to cause heterogeneous nucleation, it leads to the formation
of internal equiaxed crystals. When the value of G/R decreases, the microstructure of the
solidification interface gradually changes from columnar crystals to columnar dendrites
and equiaxial crystals. Therefore, it can be concluded that the microstructure near the
fusion line at the bottom of the molten pool after solidification is columnar crystals, and
the microstructure near the center of the molten pool is equiaxed crystals. It can also be
inferred that the bottom of the single coating layer is columnar crystal, and the top is
equiaxed crystal.

4.2. Experimental Verification

The preheated molten pool is cut along the cross-section using wire cutting after
solidification. Then the molten pool area is ground using 800 mesh, 1000 mesh, and
1500 mesh sandpaper in sequence and corroded using Keller’s reagent. The microstructure
of the junction area between the bottom of the melt pool and the heat-affected zone (zone 1)
and the upper area of the melt pool (zone 2) is shown in Figure 14.

Figure 14. Microstructural morphology of different areas inside the molten pool. (a) Observation
position of preheated molten pool. (b) Microstructure morphology of zone 1. (c) Microstructure
morphology of zone 2.
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The microstructure inside the single coating layer was obtained by the same processing
method. The observation position and the corresponding microstructure are shown in
Figure 15.

(b)

Figure 15. Microstructural morphology of different areas inside the coating layer. (a) Observation

of the position of the microstructure of the coating layer. (b) Microstructure morphology of zone 3.
(c) Microstructure morphology of zone 4.

The microstructure of the aluminum alloy after solidification in a molten pool mainly
depends on the comprehensive effect of solute concentration, crystallization rate, and
temperature gradient in the liquid phase. When the solute concentration and crystallization
rate are constant, the temperature gradient in the crystallization region determines the
morphology of the solidification structure. Once the high-temperature molten melt (973 K)
in the crucible flows out of the nozzle and comes into contact with the cool substrate (298 K),
solidification begins at the solid—liquid interface. Meanwhile, the top half of the melt has
not yet begun to solidify because of a small temperature gradient. Many grains with
different orientations near the solid—liquid interface at the bottom are in a semi-molten
state. The liquid aluminum alloy can effectively wet the surface of these semi-molten grains,
providing conditions for heterogeneous nucleation and crystallization. Then, the columnar
dendrites begin to form at the bottom of the cladding layer. Due to the high thermal
conductivity of aluminum alloys, there is a large temperature gradient near the fusion line
of the molten pool. Although the crystallization area of 2024 aluminum alloy is relatively
wide, it still crystallizes in a “layer by layer” manner. With the growth of columnar crystals
and the precipitation of crystallization latent heat, the temperature gradient in the upper
region of the molten pool becomes smaller, the remaining aluminum alloy in the molten
pool begins to crystallize in a “mushy crystal” manner, and the crystalline morphology
begins to evolve into equiaxed crystals. As the crystallization progresses, the equiaxed
grains grow in a random direction in front of the columnar region. As a result, the equiaxed
grains suppress the growth of the columnar front. Therefore, from Figures 14 and 15, it can
be seen that the grains in the heat-affected zone are the coarsest, which are planar crystals.
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The microstructure at the bottom of the molten pool and the coating layer grew in the form
of columnar crystals, and began to change into equiaxed crystals at the top of the molten
pool and the coating layer, which is consistent with the calculated results.

5. Conclusions

A comprehensive three-dimensional heat transfer and fluid flow model was used
to simulate the heat flow field, molten pool size, the geometry of the fusion zone, and
solidification parameters during the 2024 aluminum alloy coating forming process. Based
on the theory of constitutional supercooling, the microstructure morphology of the pre-
heated molten pool and deposition layer was inferred and experimentally verified. The
qualitative prediction of microstructure morphology through solidification parameters
is feasible. Compared with the simulation method of dendrite growth, this approach is
simpler and applicable to other forming technologies involving metal solidification. The
main conclusions drawn from the investigation are as follows:

1.  The temperature gradient on the substrate surface is jointly affected by the melt
flowing out of the nozzle and the arc, and the surface of the melt pool fluctuates up
and down under the action of arc forces.

2. Temperature gradient and solidification rate play an important role in the microstruc-
ture morphology of the aluminum alloy after solidification. Since the temperature
of the aluminum alloy melt in the crucible is only slightly higher than the complete
melting temperature, and the arc is only used to form a shallow melt pool to enhance
interlayer bonding force, the values of G-R and G/R are much smaller than those of
mainstream additive manufacturing technologies. The cooling rate reached 250.5 K/s
during Al fused coating. The welding machine current switches between the base
and peak values, resulting in fluctuations in the values of G and R. An increase in G-R
value represents an increase in cooling rate and a gradually finer microstructure.

3. The solidification front is in an unstable state during the 2024 aluminum alloy fused-
coating process. The microstructure at the bottom of the molten pool and coating layer
is columnar crystal, while the microstructure at the upper part is equiaxed crystal.
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