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Abstract: This study aimed to suggest a solidification map based on the solidification parameters
G and R of each layer in the multilayer deposition for the investigation of heat accumulation
on the deposit. Through the solidification map, the appropriate solidification conditions of the
microstructure were determined. In order to investigate the solidification parameters, the temperature
profile of the deposit was experimentally acquired during deposition. A simulation model reflecting
the characteristics of the deposition process was developed and verified. The solidification parameters
from the simulation model and the microstructure from experiments were correlated. Based on
the analysis, a solidification map of 316L SS processed with CMT-WAAM process was derived,
which is suggested as a guide for controlling and predicting the morphology of the microstructure in
the deposit.

Keywords: solidification map; temperature gradient; growth rate; microstructures; CMT-based wire
arc additive manufacturing; 316L stainless steel

1. Introduction

Wire arc additive manufacturing (WAAM) is a kind of additive manufacturing tech-
nology, which uses arc as a heat source and wire as a feedstock material. The WAAM is
characterized by its high heat input, which makes it efficient when depositing large-scale
products due to its high deposition rate. However, the high heat input is also a cause of
distortion and high residual stress of WAAM, which deteriorates the geometrical shape and
mechanical properties. Therefore, in the recent years, the cold metal transfer (CMT)-based
WAAM (hereafter, CMT-WAAM) is getting attention for its lower heat input than other arc
heat sources.

In the process of multilayer WAAM deposition, the heat repeatedly flows into the
deposit, which causes heat accumulation in the deposit. Due to the heat accumulation,
the deposit undergoes complicated thermal cycles during the deposition process. The
thermal cycles affect the solidification process, thereby the corresponding microstructure is
inconsistent along the deposit. The microstructure of the deposit is basically determined
by the solidification parameters (temperature gradient (G), growth rate (R)). These two
parameters are closely related to the morphology and size of the microstructure; specifically,
G/R determines the morphology of the microstructure, and G × R determines the size of
the microstructure [1–3].

As the G and R play a key role for manufacturing a deposit with preferable microstruc-
ture, many researchers have recently studied the solidification parameters in the WAAM
process. Ou et al. [4,5] conducted gas metal arc-based WAAM experiments and simula-
tions using H13 to research G/R trends according to changes in the deposition process
parameters such as the arc power, travel speed, wire diameter, and wire feed rate. The
authors demonstrated that G/R decreases with increasing arc power and travel speed,
but changes in wire diameter and wire feed rate do not significantly affect G/R and that
cellular or dendritic solidification morphology appears under all experimental conditions.
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Hejripour et al. [6] experimentally investigated and simulated gas metal arc-based WAAM
using 2209 duplex stainless steel (SS) to examine the relationship between the cooling rate
(G × R) and the microstructure of each layer of the deposit. The authors concluded that
maintaining the cooling rate of each layer below 50 ◦C/s promoted the transformation from
ferrite to austenite. Bermingham et al. [7] experimentally studied how changes in solidifica-
tion parameters according to the deposition rate affected the microstructure in gas tungsten
arc-based WAAM using a titanium alloy. The authors concluded that although G and R
gradually increased as the travel speed increased from 50 to 100, 200, and 400 mm/min
during the deposition of Ti-6Al-4V, the variation in G/R made little difference, as equiaxed
and columnar dendrites formed in all four conditions. These researchers all investigated
the relationship between G and R and the microstructure in metal additive manufacturing
using WAAM process.

The difference in the microstructure between the layers of the deposit is closely related
with the heat accumulation. Hence, the solidification parameters of each layer which are
affected by the heat accumulation during the deposition process can be used to control and
predict the mechanical properties of the deposit. However, the above mentioned studies
have not yet reported on the difference in G and R for each layer as a form of solidification
map. This solidification map shows the entire process of the deposit at a glance, thereby it
leads to easy control of the WAAM process.

Therefore, this study aimed to suggest the solidification map based on the G and
R of each layer during the multilayer deposition. Through the solidification map, the
appropriate solidification conditions of the microstructure can be determined. Furthermore,
the solidification condition of each layer for CMT-WAAM has been firstly reported. In
order to investigate the solidification parameters, the temperature profile of the deposit
was experimentally acquired using the CMT-WAAM process. The 316L SS, which is
commonly used in AM, was chosen as feedstock material, owing to its good weldability
and its extensive applicability [8–10]. To calculate the solidification parameter, a simulation
model reflecting the characteristics of the deposition process was developed and verified
by comparing the experimental and simulated temperature profiles. The solidification
parameters from the simulation model and the microstructure from experiments were
correlated. Based on the analysis, a solidification map of 316L SS processed with CMT-
WAAM process was derived, which is suggested as a guide for predicting the morphology
of the microstructure in the deposit.

2. Experimental Setup

A schematic diagram of a CMT-WAAM process and the shape of the deposit are
shown in Figure 1a,b, respectively. For deposition, a 316L SS substrate (POSCO, Pohang,
Korea) with dimensions of 200 mm × 80 mm × 20 mm and M-316L (KISWEL, Seoul, Korea)
wire with a diameter of 1.2 mm were used. The chemical composition of the substrate and
the wire are shown in Table 1. FRONIUS TPS 4000 welder (FRONIUS, Wels, Austria) with
a CMT mode was used as a heat source. In CMT mode, the TPS 4000 can apply a current
range of 60–250 A, and the average current and voltage applied during the deposition are
120 A and 11.2 V, respectively. The optimized process conditions based on preliminary
experiments are shown in Table 2.

The X-Y-Z three-axis automatic motion stage (Six Degrees Inc., Uiwang-si, Korea) was
introduced to control the deposition path and for process automation. In this equipment,
the X-Y stage and the Z stage are separated. As shown in Figure 1a, the substrate fixed on
the X-Y stage moves in a zigzag pattern along the X axis, and the torch fixed on the Z stage
moves in the +Z direction along the Z axis. Each layer is deposited 100 mm long in the
travel direction. To maintain the contact tip to work distance (CTWD) of each layer, the
position of the torch is raised by 1.6 mm before the deposition of the next layer. A total of
10 layers were deposited.
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Figure 1. (a) Schematic diagram of the experimental setup and (b) shape of the deposit.

Table 1. Chemical compositions of the 316L SS wire and substrate.

316L SS
Element (wt %)

C Si Mn P S Cu Ni Cr Mo Fe

Wire 0.01 0.59 1.53 0.027 0.001 0.17 11.55 18.56 2.53 Bal.
Substrate 0.016 0.50 1.25 0.030 0.001 0.26 10.09 16.63 2.05 Bal.

Table 2. Process parameters for CMT-WAAM.

Parameters Value

Current (A) 120
Voltage (V) 11.2

Travel speed (mm/s) 8.33
Wire feed rate (mm/min) 3600

Shielding gas (100% Ar) flow rate (L/min) 20
CTWD (mm) 10

Inter-layer time (s) 0
Pyrometer emissivity 0.96

The pyrometer (OPTRIS, Portsmouth, NH, USA), which can measure the temperature
in the range of 250–1800 ◦C, was used to measure the temperature profile during the
deposition. The temperature profile was measured at a fixed point on the side of the
deposit (XZ plane) at 50 mm in the +X direction and 3 mm in the +Z direction, as shown in
Figure 1b. The pyrometer was fixed on the XY stage and moved with the deposit, so the
measuring point of the pyrometer was not changed during the deposition.

The pyrometer requires the emissivity of an object to measure the temperature. The
emissivity was specified through a preliminary experiment comparing the temperature
profile measured using a K-type thermocouple and the pyrometer. The K-type thermo-
couple was attached to a 316L SS deposit, and the pyrometer was set to focus on the same
point where the thermocouple was attached. Then, the temperature profile was measured
while the deposit was heated using a gas torch and cooled with air. The temperature profile
measured by the pyrometer and thermocouple were acquired using the NI-DAQ 9229
DAQ board (NI, Austin, TX, USA). Based on the temperature profile, the emissivity value
suitable for 316L SS was derived. Finally, the emissivity of solid 316L SS was set to 0.96.

After the WAAM process, to observe the microstructure of each layer of deposit, the
cross-sectional specimen was extracted from the center of the X-axis direction as shown
in Figure 1b. The microstructure images of each layer were obtained using a BX51M
(Olympus, Tokyo, Japan) optical microscope.
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3. Numerical Modeling

A simulation model was developed to investigate the effect of the solidification pa-
rameters on the microstructures in the CMT-WAAM process using COMSOL Multiphysics
5.4 (COMSOL Inc., Burlington, MA, USA).

The solidification parameters are mainly influenced by the temperature variation
caused by heat transfer, so a three-dimensional transient heat transfer analysis was per-
formed to investigate the solidification parameters of the deposit. The three-dimensional
heat transfer equation is expressed as Equation (1).
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where ρ is the mass density, CP is the heat capacity, T is the unknown temperature, t is the
time, k is the conductivity, and q is the heat input. ρ, CP, and k are temperature-dependent
variables, and among them, ρ and k were taken from the existing literature [11,12]. Further-
more, the energy required for the phase change was considered by adding latent heat to CP
in the phase change section. As shown in Equation (2), a conduction boundary condition
was applied between the deposit and the substrate in the developed model, and radiation
and convection were applied to the surface of the deposit and the substrate [6].

kn
∂T
∂n

= q − h(T − T0)− σε
(

T4 − T4
0

)
(2)

where kn is the thermal conductivity normal to the surface of the substrate, q is the input
heat flux, h is the convection heat transfer coefficient, σ is the Stefan-Boltzmann constant,
and ε is the surface emissivity. The thermophysical properties of 316L SS used in the
simulation, such as the density, specific heat, and thermal conductivity, were taken from the
literature [13]. Finally, T0 is the ambient temperature, which was set to room temperature
(25 ◦C).

In the WAAM simulation, to reduce the computational load of the model, a half-model,
which is symmetrical to the XZ plane, was considered. Because the mesh density directly
affects the calculation accuracy and calculation time [14,15], a non-uniform mesh was
applied to the entire domain to reduce the calculation time while preventing a reduction
in accuracy. As a result of applying a hexahedral mesh of 0.2 mm in size to the deposit,
eight nodes in the Z direction were included in one layer of the deposit. Empirical studies
(converged mesh was used for the simulations) indicated that seven to eight nodes per
layer could provide sufficient numerical accuracy. The mesh of the substrate was set to be
coarser further from the deposit, and the final simulation model comprised approximately
126,000 elements. The material properties and finite element model used in the simulation
were introduced in the previous study [16].

In addition, the domain activation method [6] was applied to simulate the shape of
the deposit, which changes in real time. In this method, each layer was divided into four
equally sized domains along the travel direction. The new domain was activated just before
the heat source arrived at the specific domain. The initial temperature of the activated
domain was equally set as the uppermost temperature of the underneath domain. Double
ellipsoid model developed by Goldak et al. [17–19] was used as the heat source. For a
zigzag pattern, the heat source was moved in the +X direction in odd layers and moved in
the −X direction in even layers.

4. Results and Discussion
4.1. Comparison of Experimental and Simulated Temperature Profiles

Figure 2 shows the temperature distribution of the deposits during the WAAM process
of multiple layers using simulation. The temperature distribution when the heat source
passes through the center of the deposit in the 3rd, 6th, 9th, and 10th layer are shown in
Figure 2a–d, respectively. The empty space in the edge of the Figure 2a–d is the inactivated
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domain, which was explained in Section 3. In the simulation model, each layer was also
deposited in the same zigzag pattern as the actual deposition process. Since there is no
inter-pass time, the total amount of time for deposition a single layer was 18.5 s including
the time for the heat source (torch) to move the depositing layer and the time to move to
the initial location of the next layer. As shown in Figure 2a–d, the region of the molten
pool, which shows a higher temperature than the melting point (1400 ◦C) is indicated.
Comparing the size of the molten pool of the 3rd, 6th, 9th, and 10th layer, the size of the
molten pool is relatively small in the 3rd layer since it is adjacent to the substrate. As the
layer increases, the distance between the substrate and the uppermost part of the layer
increases. As the distance increases, the heat accumulation of the deposit increases due
to the decreasing amount of the heat output from deposit to the substrate. Therefore, as
shown in Figure 2b–d, the size of the molten pool increases as the layer increases.
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Figure 2. The temperature distribution of the deposit during the process of different layers in the
simulation of the WAAM process; (a) 3rd layer; (b) 6th layer; (c) 9th layer; (d) 10th layer.

Figure 3a schematically shows the temperature acquisition location in CMT-WAAM,
and Figure 3b shows the temperature profile measured in the experiment and that of the
simulation which was acquired at a fixed point in the second layer. As aforementioned,
because the temperature was continuously measured only at the fixed point of the second
layer, the temperature data were not acquired during the deposition of the first layer.
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Figure 3b presents two temperature profiles, one calculated in the simulation model
(dotted line) and one measured experimentally (solid line). In Figure 3b, the numbers refer
to the layer being deposited as the temperature measured at the fixed point on the second
layer, e.g., “3” and “4” refer to the temperature at the fixed point in the second layer as the
third and fourth layers were deposited, respectively. The temperature was continuously
measured at this fixed point in order to investigate the effect of the solidification parameters
on the final solidification microstructure in multilayer deposition. During multilayer
deposition, melting and solidification occur twice or more for each layer owing to the
repeated heat input, and microstructures are formed in the final solidification process.
Therefore, the final solidification time point of the microstructure was investigated from the
acquired temperature profile, and the solidification parameters were derived at that point
to analyze the relationship between the microstructure and the solidification parameters.
These results will be described in Section 4.2.

In Figure 3b, the peak temperatures during the deposition of the second and third
layers calculated in the simulation were larger than the experimental values, which was due
to the emissivity set in the pyrometer. In the CMT-WAAM process, ~50% of the previous
layer is re-melted during the deposition of the current layer. Thus, approximately 50% of
the second layer is re-melted in the process of deposition the third layer. Therefore, melting
and solidification both occur twice in the second layer. During this process, two mixed
phases (solid and liquid) appear in the second layer. As shown in Figure 3a, the fixed
point is located at half the height of the second layer, so the pyrometer also measures the
temperature of the mixed phase for a very short moment. However, because the pyrometer
used can only set the emissivity of the solid phase, the temperature of the liquid phase was
not accurately measured. For this reason, an error occurred in the second and third layers
of Figure 3b, and the average error rate between the two peaks was 12.5%.

This difficulty in calculating the solidification parameters by measuring the deposited
temperature in real time during multilayer deposition has arisen not only in this experiment
but also in other researchers’ studies for time and economic reasons. Therefore, an effective,
reliable numerical model is useful for estimating the temporal and spatial changes of the
solidification parameters. As shown in Figure 3b, the two temperature profiles are nearly
identical except for the peak temperatures of the second and third layers, which have
relatively large temperature errors because of the phase change. Indeed, excluding the
second and third layers, the average error of the peak temperatures for each subsequent
layer is 4.4%. The similarity between the simulation results and the thermal condition of
the actual deposit indicates that the developed CMT-WAAM simulation model is suitable
for calculating the solidification parameters.

4.2. Additive Manufacturing Guideline Using Solidification Map

Figure 4 shows the solidification map, which can explain the effect of G and R on the
microstructure formation. The temperature gradient (G), which is the y-axis of the map,
is the rate of temperature change (◦C/mm) according to the distance at the solid-liquid
interface, and the growth rate (R), which is the x-axis, is the speed at which the solid-liquid
interface moves (mm/s). The solidification map is composed of a combination of G/R and
G × R curves, where the G/R value affects the morphology of the microstructure, whereas
G × R value affects the size of the microstructure [20,21]. As shown in Figure 4, a planar
microstructure appears at high G/R values, and as this value decreases, the morphology
transforms from cellular to cellular dendritic, columnar dendritic, and finally equiaxed
dendritic. In addition, as G × R decreases, a coarse microstructure forms, whereas a fine
microstructure forms as G × R increases. Mechanical properties such as the tensile strength
and hardness of a deposit can be improved by forming a fine microstructure [22–24].
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Figure 4. Solidification map; effect of temperature gradient and growth rate on the morphology and
size of solidification microstructure [3].

Figure 5 shows the G, R, and G × R for each layer of the deposits. G and G × R were
calculated using a simulation model and R was derived inversely from G and G × R. G and
G × R were calculated from the Y-Z cross-section of the X = +50 mm point of the deposit
in Figure 1. Specifically, G and G × R were calculated at the location of the final melting
point, in which the boundary solid and liquid phase of each layer and the time at which
the final melting point were reached.

Figure 5a,b shows the behavior of G and R in CMT-WAAM, respectively. G means
the magnitude of GX, GY, and GZ in the X, Y, and Z directions, respectively. In the deposit,
heat transfer occurs mainly in the Z direction, which is also closely related to the heat
accumulation phenomenon. As shown in Figure 5a, G tends to decrease with the increasing
number of layers in the process. In particular, the decrease in layer 1 is significantly larger
than the decrease in the layers 2–10. This is because the heat supplied by the arc heat
source was rapidly transferred toward the substrate, so an insignificant amount of heat
accumulates in layer 1. On the other hand, in layers 2–10, the same amount of heat input
(about 1070 J/s) is repeatedly applied for each layer. However, the heat dissipation rate
decreases in the −Z direction, intensifying the heat accumulation as the layer increases. As
shown in Figure 5b, the decreasing rate of R tends to decrease with the increasing number
of layers in the process. Figure 5c shows the trend in G × R in CMT-WAAM. In all layers of
the deposit, as the number of layers increased, G × R decreased, and the difference between
each interlayer G × R also decreased. This phenomenon is due to the heat accumulation
according to the characteristics of the arc heat source and the amount of heat input.

The heat accumulation in the layers during the deposition, as explained in detail
through Figure 5, is important to understand because it affects not only the morphology
and size of microstructure with different solidification parameters for each layer, but also
the anisotropy of the deposit owing to the epitaxial growth of the microstructure. The
related explanation will be provided next two paragraph.
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Figure 6 shows the microstructure of the deposit and the solidification map, which was
derived from the simulation. Figure 6a shows macro cross-sectional image of the 316L SS
deposit. Figure 6b–e are cross-sectional images of the microstructure in the deposit, which
were observed at the middle point of the 1st, 5th, and 9th layer and the top point of the
10th layer. In the 1st, 5th, and 9th layer, the 316L SS was solidified in the ferrite–austenite
(FA) mode, so the microstructure was observed to be a mixture of austenite, skeletal
ferrite, and lathy ferrite [16] and only columnar dendrites were observed. In contrary, the
equiaxed dendrite was observed in the top of the 10th layer. The secondary dendrite arm
spacing (SDAS) was measured in the 1st, 5th, and 9th layer, and the measured values were
4.477 ± 0.146 µm, 8.296 ± 0.301 µm, 9.496 ± 0.389 µm, respectively. This result indicates
that the G × R decreases as the layers increase, which is also confirmed in Figure 5c.

The reason for the shape of this graph in Figure 6f results from the different increments
between G and R in increasing the layers of the deposit, as shown in Figure 5. In other
words, the decreasing rate of R is less than that of G. According to the previous study, the
boundary of the G/R in which the columnar dendrite develops is 10–102 ◦C·s/mm2 [25,26],
and the boundary of the equiaxed is at less than ~10 ◦C·s/mm2 [27]. In this study, the G/R
values in each layer ranged from 18 to 33 ◦C·s/mm2, thereby distributed in the columnar
dendritic region, as shown in Figure 6f. In contrary, the G/R value in the top of the 10th
layer was about 2 ◦C·s/mm2, thereby distributed in the equiaxed dendritic region. As
reported in [28], at the surface of the molten pool, the G is lower and the R is higher
compared to the inside of the molten pool. Hence, the equiaxed dendrite is formed at the
top of each layer. However, during the deposition process, the equiaxed dendrite at the top
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of each layer is remelted as the next layer is deposited. Therefore, the columnar dendrite
in the previous layer grows epitaxially to the next layer, resulting in the anisotropy of the
deposit. This phenomenon is confirmed in the morphology of the microstructure from this
study as shown in Figure 6a–e.
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Figure 6. Solidification map of 316L SS for the CMT-WAAM process and optical microscopy images
of the microstructure in the deposit manufactured by the CMT-WAAM process; (a) cross-section of
deposit; (b) optical microscopy images of first layer; (c) fifth layer, (d) ninth layer, and (e) top of the
tenth layer, (f) solidification map.

5. Conclusions

In this study, a solidification parameter guideline of each layer in the deposit was
firstly investigated by constructing a 316L SS solidification map to investigate the effect of
heat accumulation on the multilayer deposit using CMT-WAAM. The notable contributions
of this study are as follows.

(1) To investigate the effect of G and R on the microstructure in CMT-WAAM multilayer
deposition, a mathematical model was developed to simulate the processes. Upon
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comparing the simulation results of the model with the experimentally measured
temperatures, CMT-WAAM showed an error of 4.4%. Excluding some peaks, the
simulated and experimental result were nearly identical. The developed model thus
effectively simulated the thermal conditions of the multilayer processes in CMT-
WAAM was suitable for calculating the solidification parameters and analyzing the
heat input;

(2) In the CMT-WAAM multilayer processes, a 316L SS solidification map, which consists
of G and R of each layer of deposit was suggested to control and predict the microstruc-
ture. In the solidification map, which reflects the heat accumulation of deposit, G × R
and G/R were ranged from 68 to 690 ◦C/s and 2 to 33 ◦Cs/mm2, respectively;

(3) Through the solidification map, the effect of G and R on the microstructure of each
layer was investigated. Although G/R showed variation in the solidification map, the
morphology of the microstructure was not changed along with the height except for
the top of the 10th layer. On the other hand, G × R decreases as the layer increases in
the solidification map, but SDAS, which is affected by G × R, tends to increase;

(4) By calculating G and R from the simulation model, a possible new method for pre-
dicting the microstructure shape without performing actual deposition was devel-
oped. This could provide the basis for controlling or predicting the microstruc-
ture and mechanical properties by selecting the CMT-WAAM process parameters in
future research.
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