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Abstract

Directed Energy Deposition (DED) can be used for metal coating as well as parts
fabrication because it can supply powder and laser on the part surface freely. As for high-speed
coating using DED, it has advantages such as high efficiency and reduced heat-affected zone.
However, because of rapid heat input and cooling, it is considered that the thermal history of the
coating layer becomes more sensitive to the coated workpiece shape, which can affect the coating
properties. In this research, the effect of workpiece shape on thermal history during high-speed
coating using DED is numerically analyzed. A thermal simulation of rotational coating is
developed, where elements are added and the heat input area is moved according to laser scanning
and workpiece rotation. Additionally, experiments are conducted to investigate the relationship
between thermal history and coating quality and hardness. In this study, solid and hollow cylinders
are selected as workpieces.

1. Introduction

Metal additive manufacturing (AM) has grown in recent years and significantly impacted
various industries, for example, aviation, automotive, and medical industries[1,2]. Metal AM
involves several types of process modes, for example, Powder Bed Fusion (PBF), Directed Energy
Deposition (DED), Binder Jetting (BJ), and Material Extrusion (ME). In one of them, the DED
process, the cladding layer is fabricated by supplying powders and melting and solidifying them
with a heat source, such as a laser or electron beam as shown in Figure 1. DED is mainly used to
fabricate parts with a near-net shape in the early stage[3]. However, DED is suitable not only for
manufacturing parts but also for coatings that add material to existing parts, due to its material
addition process. Moreover, in terms of the high-speed coating using DED, it has advantages such
as high efficiency and lower heat affect zone (HAZ) of the substrate. However, in the metal AM
process, metal materials are melted and solidified, rapidly and repeatedly. Furthermore, the rapid
temperature deviation is repeated during the short term in the high-speed coating using DED, and
their thermal history has a significant effect on the cladding layer’s microstructure, properties, and
quality[4]. For these reasons, investigating the thermal history during the high-speed coating using
DED is important to analyze the cladding layer’s properties as well as to optimize the process
parameters.

To analyze the thermal history of metal AM, many studies using numerical simulation have
been conducted with various processes and materials[5—-10]. However, most simulations are
developed for investigating the thin-wall or block-shape deposit with conventional speed, not for
the high-speed coating on the substrate surface. Lv et. al[11] have developed the temperature field
simulation of the extreme high-speed laser cladding (EHLA) process on a cylindrical substrate. In
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their study, the simulated HAZ depth agreed well with the experimental results, but the simulation
domain was relatively small with a diameter of 12 mm and a length of 12 mm, and thermal history
was not analyzed in detail. Additionally, in the coating, the distance between the cladding points
and the substrate is much closer throughout the entire process than in parts manufacturing, such as
thin-wall or block-shape deposition. It means that the cladding layer is easily cooled by the
workpiece with a large heat capacity. However, as the coating progresses, the heat accumulates in
the workpiece, which is considered to affect the thermal history of the cladding layer, and
consequently change the microstructure and mechanical properties.

In this research, the effect of workpiece shape on thermal history during high-speed coating
using DED was analyzed based on the three-dimensional transient thermal analysis using the finite
element (FE) simulation. Firstly, the heat-input and element-addition models were examined to
simulate the temperature distribution in a simple way based on the observation and analysis of
experimental results. Next, thermal simulations of the rotational coating were performed assuming
solid and hollow cylinders as workpieces. In this simulation, the cylindric workpieces were
converted to rectangular bodies to implement the elements additions considering overlap and
reduce the computational cost. Moreover, the coating experiments were conducted to investigate
the effect of workpiece shape and thermal history on the coating properties.

Laser

i — Shield gas

Scan direction ‘
7— Carrier gas + Metal powder

Melt pool
Cladding layer ——

Workpiece
Rotational direction

Figure 1 Schematics of rotational coating using DED

2. Numerical Modelling

The three-dimensional transient thermal analysis has been conducted using the commercial
finite element simulation software ANSYS Parametric Design Language (APDL). In the numerical
model of DED, the element birth and death feature[12] was adapted to simulate that the cladding
material is supplied and added to the substrate continuously. In the element birth and death feature,
the added elements are created at the start of the analysis, but they are deactivated and do not affect
the analysis until the laser passes over them. In this study, the coating of tool steel Ferro55 on a
stainless steel SUS304 workpiece was assumed. Since some physical properties of Ferro55 are not
available, the coating material’s physical properties were decided based on those of AISI H13
comparable to Ferro55[13]. As for the substrate, the physical properties of SUS304 were used.

2.1. Governing Equation and boundary conditions

The transient temperature field was obtained by solving the heat conduction equation
defined as Eq.(1)

—=— — +— — +— — + 1)
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where is the material density, is the specific heat capacity, is the temperature, is the thermal
conductivity, and is the heat generated per unit volume.

As the boundary conditions, the heat convection  and heat radiation =~ were defined as
Eq.(2), (3)
= ( ) 2

= ( ) 3)

where is the coefficient for heat convection, is the Stefan—Boltzmann constant and is the
emissivity.

In the AM system used in this study, the laser beam shape is top hat[14]. So, the laser beam
was modeled as a uniform heat flux supplied within the laser spot of 3 mm diameter in this
simulation, and heat flux was defined as Eq.(4).

= 4
where s the laser power, is the absorption rate, and is the laser spot diameter.

2.2. FE Model Geometry and Mesh

To implement the elements additions considering overlap and reduce the computational
cost, the half of cylindric workpieces were converted to rectangular bodies as shown in Fig.2.
Although the rotating coating is not exactly a symmetric model, we attempted to simplify it by
modeling only half of the workpiece, since the coating temperature drops rapidly due to the larger
heat capacity of the workpiece compared to the coating layer and the fast rotational speed. In a
solid cylinder, rectangular height was decided so that the cross-sectional area would be the same
as the original solid cylinder (Fig.2 (up)). A hollow cylinder's height was equal to the original
hollow cylinder's thickness (Fig.2 (down)). The details of geometry and mesh in this simulation
are shown in Fig.3 and dimensions of FE models are summarized in Table 1.

— : Heat-input area move direction

Cladding| —
\ i . layer|
—u
/ Workpiece t !

A

Original solid cylinder Converted model of solid cylinder

__Cladding:
layer! }
: > N - 1 >
Original hollow cylinder Converted model of hollow cylinder

Figure 2 Conversion of workpiece geometry for simulation,
(up) solid cylinder model, (down) hollow cylinder model.
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13 mm

10 mm + Laser-spot diameter 3 mm)

(a) Overall viewc (b) Top view

= 0.42 mm (3layer) ¢

(c) Left-side view (around cladding elements) (d) Front view

Figure 3 FE model geometry and mesh,
(a) overall view, (b) top view, (c) left-side view around cladding elements and (d) front view.

Table 1 Dimensions of FE models

Original dimensions (Unit: mm) Solid Hollow
Diameter 50
Thickness - 4.6
Converted dimensions (Unit: mm) Solid Hollow
Width 78.54

33
Height 12.5 4.6
Number of model divisions 2

The heat convection and radiation were applied to the outer surface of the active element
where the Z-positive direction is normal. Other surfaces parallel to the YZ and ZX planes were
assumed to be adiabatic.

2.3. Examination of the heat-input and element-addition model

In this study, heat-input and element-addition models suitable for high-speed coating using
DED were examined to simulate the temperature distribution in a simple way. In studies about the
thermal analysis of DED, several methods to model the heat source are used, and many studies
have adapted the volumetric heat source, for example, Goldak’s Gaussian ellipsoid
model[5,6,15,16], the conical Gaussian cone model[17,18]. Those methods can take account of the
three-dimensional laser profile, however, they have many parameters that are determined
empirically, such as laser penetration depth[19]. Moreover, the HAZ in the high-speed coating is
much thinner than conventional DED. So, a much finer mesh would be required to represent the
laser profile shape in the depth direction, making simulations time-consuming. For these reasons,
the surface heat source used in several research[7,20,21] was adapted in this study (Heat source
distribution was uniform in this study.). However, in the high-speed coating, the laser irradiates for
a very short time and, there are overlaps at a certain point in a short time, unlike general DEDs.
Hence, generating the entire height of the coating layer at a time and adding a heat source to its
surface within the melt pool range would not reproduce the temperature distribution in the depth
direction. Therefore, in this study, 3 types of heat-input and element-addition models were created
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as

shown in Fig.4, and the temperature of the external surface of the melt pool and the interface

between the base metal and the cladding layer immediately below it was compared for these models.

In Type 1, the element-activated area is within the melt pool diameter (= 3 mm), and the entire
height of one layer in that area is activated. As for the heat input area, it is the external top
surface with a diameter of 3 mm, the same as the element-activated area. Therefore, once the
melt pool has passed, no elements are produced at that location, only heat input to the surface
in subsequent rounds.

In Type 2, the element-activated area and heat input area are the same as in Type 1, but only
elements as high as one mesh layer from the existing surface are activated. In this case, within
the same round, an element at the same point (on the XY plane) is activated only once, and
another element one level above the same point is activated in the next round.

In Type 3, the heat input area is the same as in Type 1 and 2, but the element-activated area is
within the diameter of 2 mm. The diameter of 2 mm was determined according to a preliminary
experiment. By observation of the cross-sectional area of the cladding layer, it was found that
the width of the deposit was smaller than the laser diameter in the high-speed coating, and it
would be because the laser was moving too fast and not sufficiently heated the substrate to
form a melt pool of the same size as the spot diameter. The method of element activation in
the height direction is the same as Type 2.

To examine the 3 models, the thermal simulations for 10 seconds were conducted with laser

power 2100 W, laser rotational speed 34.6 min™', and scan speed 20 mm/min, the same as the
preliminary experiment. For this simulation, a 1/4 converted solid FE model was used.

1st round 2nd round
t= tist0 t= ty5e0 + AL t= trndo t= typgo + At
—> —> — D —
- [ | Ts % Element activated
© 1 | area:®3mm D » D
< N A.| Heat-flux input » ) > >
= L % area: ® 3 mm Activate full-height
elements once passed
~ AT '« 1 Element activated I I : :
P ] 1 | area: ®3mm D » | il D !
o
2 h ,,.‘ Heat-flux input | . [ i ~
Sh r area: ® 3 mm Activate only 1-layer
elements once passed
Element activate e—! ' . — —
area: @ 2.mm c ! ] 5
] o e \‘ 1 1 D » t D I !
9 " 1Y V| Heat-flux input ! ! o .
> v |/ area: ® 3 mm
= T e Activate only 1-layer
S v elements once passed O Newly activated element [ll Already activated element
Inactive element
Top view (XY surface) Side view (cross-section at the center of the heat input area, XZ surface)
Figure 4 Schematics of the heat-input and element-addition model
At this time, each model was validated for 2 points. The first is a comparison with the
experimental maximum temperature on the melt pool surface (1625 , = ). The second is

a comparison of the base surface temperature to the substrate melting temperature (1400 [22]).
Figure S shows the temperature on the surface and the interface with the substrate within the melt
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pool diameter at each time. The “Max” value represents the maximum temperature on each surface,
and the “Ave Max” value is the average temperature of active nodes adjacent to the node with the
maximum temperature. As shown in Fig.5 (a), (b), the coating surface and base surface temperature
in Types 1 and 2 are lower than the experimental result and melting temperature respectively. On
the other hand, in Type 3, coating surface and base surface temperatures show a similar temperature
with the experimental result and melting temperature, although there is a slight variation. Based on
those results, the Type 3 model was selected for the thermal simulation in this study.

—Coating surface(Max) Basze surface(fve Max)

—Ceating surface{Ave Max) —Base surface(Max)

1800 [Meltpool temp. in experiment] 1800 F 4 seob | ]
1626 (=48 ) ] SN NN NN B B J ]
lsj' 1600 i------.-----_I------.-----_I------F---:: 'Ej' 1600 ;------I------I------'-----I-----’--T: 'Ej' 1600 -----1.----. -----.‘----- ----.’--::
i P j 1 =— 1 - .

w W ) N §
=] 1400 Melting temp. of substrate: 1 5 1400 t 5 1400 f I I I ]
I 1400 ™ ™ y I f
= 1200 1 = 1200 1 = 1200 T
1000 F 1 E 1000 F ] Ewoo b .
@ ] @ Ty e :
gook 8 v 1 v P 800 [ . 800 [ .
00 M BN AR AU ET A AT A 'Elﬂﬂ-" NI BT B I Lo v bwv b v b s by
2 4 6 & 10 0 4 6 & 10 mﬂﬂ 2 4 6 & 10

Time [s] Time [5] Time [s]
(a) Type 1 (b) Type 2 (3) Type 3

Figure 5 Maximum and spatial averaging maximum temperature of the surface
and the interface with the substrate within the melt pool diameter at each time,

in (a) Type A, (b) Type B, and (c) Type 3.

2.4. Simulation Conditions
Simulation conditions are summarized in Table 2.

Table 2 simulation conditions

Parameter Unit Value
Circumference speed mm/min 5430
Laser rotational speed min 34.6
Scan speed mm/min 20
Scan length mm 10
Laser power W 2000
Ambient Temperature 25
Heat input time S 30

In this study, the specific heat and thermal conductivity were temperature-dependent values.
To account for latent heat, enthalpy was defined as the integral of the product of specific heat,
which considers the latent heat, and density over temperature. The laser absorption rates are defined

as 0.37 and 0.5 for the coating layer and workpiece, referencing the preliminary experiments and
[23,24].
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3. Experimental Method
Coating experiments were conducted using a 5-axis AM system (Lasertec65 3d, DMG
MORI CO., LTD), to investigate the effect of workpiece shape and thermal history on the coating
properties. Experimental conditions correspond to the simulation. Figure 6 shows the experimental
setups. The cladding material was Ferro55, and its chemical composition is described in Table 3.
The workpieces were made of SUS304, and the dimensions were 50 mm in diameter and 200 mm
in length.

= e
Laser.nozzle 4

Figure 6 Experimental setup, (left) Overall view, (right) Scan and Rotational directions.

Table 3 Chemical composition of Ferro55 (wt%) [25]
C Cr Mo Mn Si Fe
Content (wWt%) 0.35 7.0 2.2 1.1 0.3 balanced

During experiments, the workpiece surface temperature was measured with an infrared
thermal camera (InfRec R500 Pro, Nippon Avionics Co.). After experiments, the cross-sections of
the coating layer were observed with a digital microscope (VHX-5000 series, KEYENCE Co.) and
hardness was measured with a micro-Vickers hardness tester (HM-200Mitutoyo Co.).

4. Result and Discussion
4.1. Thermal History Analysis
As a result of simulations, the temperature distribution with each workpiece was obtained
as shown in Fig.7.

Heat-inputarea '

25

617

1208

l1800

Figure 7 Example of temperature distribution obtained,
(left) Overall view and (right) around the melt pool and heat input area.
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Comparison with the experimental result

The maximum temperature on the coating layer surface within the melt pool diameter was
compared with those in experiments. Figure 8 (a) and (b) show the maximum temperature for
simulation and experiment. The experimental maximum values were measured in the detection
area (Fig.8 (c)) including the melt pool throughout the process. The lines represent the maximum
temperature, and the dots represent the maximum temperature averaged per round. As for the first
10 seconds, the temperature in the experiment was relatively low because the powder supply was
unstable during that time as mentioned in the later section. Therefore, the part after 10 s is focused
on this time. The difference between the simulation and experimental results was up to 8.4%.
However, it cannot be considered as a significant difference in this temperature range, because

measuring molten metal is technically difficult, and the measuring data contained noise and high
variability.
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Figure 8 Maximum temperature on the surface for (a) solid and (b) hollow workpieces.
(c) Thermal image with the detection area of experimental results.

Comparison of thermal history

To compare the thermal histories, temperature deviation at fixed points was obtained. A
total of 24 points were selected as measurement points: 6 points in the workpiece-Y direction
(corresponding to the scan direction) on the centerline of the workpiece width (Fig.9 (a)), and 4
points including the top surface of the coating layer (D = 0.42 mm) and the boundary (D = 0 mm)
in the workpiece-Z direction (corresponding to the depth direction) (Fig.9 (b)).

x  Measurementpoints @ |Initial heat-inputarea

>
»

L=25,4.0,5.0,6.0, D = 0.42 (top surface),
7.5,8.0 mm 0.28, 0.14,
i 0.0 (boundary) mm
: Y
2 B> 7 &>

(a) Scan direction (b) Depth direction
Figure 9 Dimensions of measurement points in (a) scan direction and (b) depth direction.

First, Fig.10 shows a temperature deviation on the top surface (D=0.42 mm). L is the
distance in the y-axis from the initial heat input position. As shown in Fig.10 (a), the peak
temperature is observed when the heat-input area passes near the specified point in each round.
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The peak temperatures of the hollow condition are slightly higher than those of the solid
condition. Comparing the local minimum temperature after each peak temperature for each point
of L, it increases as the coating process proceeds in the hollow condition, however, it does not
change in the solid condition. Figure 10 (b) shows that the difference in the local minimum
temperature between the solid and hollow increases, and it is 106 near the end of the process
(L=7.5 mm). This tendency indicates that the heat accumulates as the coating process proceeds
more in the hollow than the solid and would affect the cooling rate, which is related to the
hardness of the coating dyer.

Next, the cooling rate at the same points is obtained and shown in Fig.11. Comparing the
peak cooling rate of the solid and hollow conditions, however, there is no significant difference in
the range of cooling rates above 100 /s. To investigate the cooling rate in detail, the temperature
and cooling rate at the point on the top surface D=0.42 mm, L=7.5 mm for each workpiece
condition are compared in Fig.12. After each heating, the temperature decreases more quickly in
the solid condition than in the hollow condition to temperature (approximately 350 [26,27]),
which is the temperature for the start of martensitic transformation, faster. The cooling rates when
the temperature reaches after the temperature last exceeds 4 (approximately 800 [23]) are
2479 /s and 737 /s with the solid and hollow conditions, respectively. Those results suggest
that the hardness would be higher in the solid condition than in the hollow condition due to the
generation of martensitic structure and suppression of grain coarsening. However, the clacks are
likely to increase with the solid because of its higher cooling rate.
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—1500 L —— Hollow L=7.5 mm
T 1400 e
o 1200 3 B> o200
% 1000 ¢ Measurement points 3
S 800 | @ 900 ¢
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£ 600} Solig --- L=5:0mm & 600 |
2 400 f L=25mm ©
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0 5 10 15 20 25 30 Hollow --- L=5.0mm T on o
Time [s] e L52.5mm # rime [s]28 »
(a) L=2.5,5.0,7.5 mm (b) L=7.5mm (22-30 s)
Figure 10 Thermal history (temperature) on the top surface D = 0.42 mm.
! '
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Figure 11 Thermal history (cooling rate) on the top surface D = 0.42 mm.
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Figure 12 Temperature and cooling rate on the top surface D = 0.42 mm, L=7.5 mm (22-30 s),
(a) Solid and (b) Hollow.

Figure 13 shows the maximum temperature of the interface with the coating layer and
substrate within the melt pool diameter. The meaning and calculation methods of *’Max” and “Ave
Max” are the same as in Fig.5. In both conditions, the maximum temperature is around the melting
point of the substrate, although there is a slight variation. It indicates that little penetration would
occur in actual coating with these conditions. Additionally, the maximum temperature increases as

time progresses in the hollow conditions (Fig.13 (b)), which is the same tendency as the thermal
history of the cladding surface shown in Fig.10.
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— 1 __'1600
O I O
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Time [s] Time [s]
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Figure 13 Maximum and spatial averaging maximum temperature of the interface with the
coating layer and substrate within the melt pool diameter at each time.

4.2. Coating Property Analysis

Figure 14 shows one of the workpieces with coating obtained by experiments. The cross-
section of the coating layer along the axis direction, as shown in the figure with the red dotted line,

was cut out and polished. For each workpiece, samples were obtained at two diagonal locations on
the circumference.

Observed
cross-section

Figure 14 Appearance of the workpiece with coating.
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Figure 15 (a), (b) are the cross-sections of the solid workpiece, and (c), (d) are those of the
hollow workpiece. The scan direction is right to left in the figures. At first, the heights of the coating
layer are lower at the beginning of cladding compared with the subsequent height because of the
unstable powder supply. Hence the results of those areas were excluded from further analysis.
Comparing the cross-sections of the solid and hollow workpieces, more cracks are observed in
samples of the solid workpiece (Fig.15 (a), (b)) and the difference is more obvious in the latter half
of the cladding. This is supposed to be an effect of the faster cooling rate of the solid workpiece as
described in Section 4.1 and caused by thermal stress that occurred during solidification.

* < 2
(d) Hollow: sample 2
Figure 15 Cross-section of the cladding layer of
(a, b) solid workpiece and (c, d) hollow workpiece.

Hardness tests along the depth direction were conducted at three areas around the beginning,
middle, and end of the cladding. For the result around the middle and end line, the hardnesses of
the cladding layer (Fig.16 (b)) were averaged for each area (middle and end), and the averaged
hardness was summarized in Fig.16 (a). The error bars represent the maximum and minimum
values of each condition. The average hardnesses at the middle and end line of the solid workpiece
are 688 HV and 685 HV respectively, and those of the hollow workpiece are 679 HV and 691 HV
respectively. These results show no significant difference in hardness even though the cooling rate
is higher with the solid condition than with the hollow in the simulation results (Fig.12). As a
reason for the hardness of the hollow workpiece not decreasing, it is considered that the temperature
dropped below the  point even if the heat accumulated, and the cooling rate at that time was still
sufficiently fast in this coating time range.

These results indicate that the cooling rates of the solid and hollow in this experiment are
enough to transform the microstructure into martensite, although there is a difference in cooling
rate especially later in the coating. However, as coating time increases further and the temperature
does not cross the  point as quickly, the hardness is presumed to be affected by differences in
cooling rate due to differences in workpieces. On the contrary, the difference is considered to affect
the crack generation. In future works, the simulation of metallographic growth should be conducted
to reveal the influence of cooling rate and hardness in the high-speed coating in detail. Moreover,

883



we plan to conduct the thermal stress analysis numerically and experimentally for an even longer
coating time.

< 700 End Middle
@ 600 = Middle . b
5 500 mEnd .
S Scan direction
-GC) 400
2 300 Averaging the hardness
§ at points of the cladding layer
< 200
Solid Hollow
(a) Hardness of the cladding layer (b) Measurement points

Figure 16 Hardness of the solid and hollow workpieces at the points in the cladding layer (b).

5. Conclusion
The effect of workpiece shape on thermal history during high-speed coating using DED

was analyzed based on the thermal analysis. Furthermore, the coating experiments were conducted
to investigate the effect of workpiece shape and thermal history on the coating properties. The
obtained results are summarized as follows:

[1]

[2]

The heat-input and element-addition model suitable for high-speed coating using DED was
created.

Comparing the temperature deviation at fixed points, the peak temperature of the hollow
condition was slightly higher than that of the solid condition, and the local minimum
temperature increased as the coating process proceeded in the hollow condition. Because of
those differences, the cooling rates from the time of last crossing to  was faster in the
solid condition, which was 2479 /s and 737 /s with the solid and hollow conditions,
respectively.

As a result of experiments, there was no significant difference in hardness, however, more
cracks were observed in solid results, especially in the latter half of the coating. Those results
indicate that the cooling rates of the solid and hollow in this case are enough to transform the
microstructure into martensite, however, the difference in cooling rate of the solid and hollow
is considered to affect the crack generation.
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