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Abstract

In metal additive manufacturing, a metal material is melted by a concentrated heat source such as a laser.
Therefore, thermal deformation occurs in the fabrication, which causes deterioration of shape accuracy
and crack of the workpiece. In this study, a method to systematically reduce the thermal deformation was
discussed. The mechanism of thermal deformation caused by stacking and lining up the bead was
investigated using finite element simulations and experiments. Based on the obtained results and thermal
deformation theory in welding, a method to reduce the thermal deformation was proposed and the validity

of the method was demonstrated by simulation.
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1 INTRODUCTION

Metal additive manufacturing is a method of manufacturing
products by fabricating metals based on 3D slice data of the
target shape. Metal additive manufacturing is able to
manufacture products with complicated shapes that cannot
be manufactured by removal processing such as cutting.
This advantage improves the performance of products,
reduces costs, and shortens the development period.
Therefore, its utilization is attracting attention in fields such
as the aircraft industry and the medical industry where high-
mix low-volume production is common [Klocke 2014]
[Bartolo 2012] [Thompson 2016]. In recent years, additive
manufacturing machines that can handle large-sized
workpieces have been developed, and are expected to be
applied to a wide range of industries.

In metal additive manufacturing, a metal material is melted
and solidified by a centralized heat source such as laser [Li
2018]. As a result, thermal strain may occur in the
workpiece which leads to deterioration of shape accuracy,
residual stress and workpiece cracks [Zhang 2018].
Therefore, in metal additive manufacturing, it is necessary
to select appropriate fabrication conditions that can
suppress thermal strain. However, at present, based on the
experience of the operator, thermal strain and cracking are
avoided by changing the orientation of the workpiece and
the fabricating route by trial and error. A method for
systematically determining fabricating conditions that can
avoid thermal strain and cracking is demanded.

So far, many studies have been conducted with the aim of
reducing the thermal strain of the workpiece. Typical means

include selection of a fabrication path pattern [Cheng 2016],
adjustment of fabrication parameters such as laser power
and laser scanning speed [Simson 2017], and heat
treatment after stacking [Dong 2014]. However, these
studies are not systematic but trial and error.

Regarding the generated thermal strain and residual stress,
the theory of laser welding can be applied because the
metal additive manufacturing is similar to laser welding. In
the welding field, empirical formulas have been established
for deformation and stress states due to welding heat
[Verhaeghe 1999]. However, these formulas are for one
welding line, and cannot handle additive manufacturing
because multiple beads are placed horizontally and stacked
vertically in additive manufacturing.

The final goal of this study is to propose a systematic
method for reducing out-of-plane thermal workpiece
deformation. Experiments and simulations are conducted to
investigate the in-plane and out-of-plane thermal
displacement of the workpiece which are the thermal
deformation particularly in additive manufacturing. Then a
conceptual method based on the investigation is proposed.
The validity of the proposed method is evaluated by
simulation.

2 EFFECTS OF IN PLANE FABRICATION ON
THERMAL DEFORMATION

As shown in Figl, additive manufacturing consists of in
plane and out of plane fabrication. Thus, the workpiece
thermal deformation in these two fabrications are focussed
in this study. In this section, experiment and simulation
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were performed to investigate the effect of in plane
fabrication on the thermal deformation.

2.1 Machine tools used in the experiment

Directed Energy Deposition (DED) was used in the
experiment in this study. Fig. 2 shows the schematic
diagram of DED. In the machine, the laser and metal
powder are supplied through the coaxial nozzle, and
powder is supplied to the surface to be fabricated from the
circular powder supply nozzle that surrounds the laser
irradiation port. Tab. 1 shows the laser conditions in the
experiment. In this study, JIS SUS316L stainless steel was
used as the metal powder. The metal powder grain size was
50-100 pm.

2.2 Experiment method

Fig. 3 shows the geometry of substrate and fabricated
workpiece. Three in plane beads were fabricated on the
upper surface of the substrate, and the displacement of the
upper surface of the substrate in the Z direction was
obtained by experiments and simulation

The substrate was fixed to a machine table with a M5 cap
screw. The material of the substrate was JIS SUS316L
stainless steel. In order to confirm the validity of the thermal
conditions in the simulation, the substrate temperature was
measured using a K-type thermocouple. The
thermocouples were fixed on the plate by spot welding.

Three beads were fabricated in the plane in order toward
the positive X direction. The laser scanning by DED
proceeded in the positive Y direction. The profile of the
substrate surface was measured when the first bead and
third bead was fabricated using a laser displacement
sensor. The thermal displacement of the substrate was
obtained by subtracting the initial substrate profile before
fabrication from the measured profile. The specifications of
the laser displacement sensor are shown in Tab. 2.

Lines AA’ and BB’ shown in Fig. 3 are the measurement
position of the substrate profile. A’ and B are the same
point. The profile near the side of the substrate is measured
because the deformation is larger.

2.3 Simulation method

Simulation was performed using the finite element method
(FEM). Transient thermal analysis and static structure
analysis were combined. Three rectangular blocks were
generated one by one as beads in-plane on the substrate.
The hatched area with 7 mm diameter around the M5 screw
in Fig. 3 was fixed. The thermal displacement of the
substrate was obtained at the first and third bead
fabrication.

The laser heat was applied just after each bead was
generated. In order to save computational resources, the
lump heat in one bead scan was applied to the top surface
of each bead. Thus, the movement of the easer spot was
not considered in this simulation.

The laser heat and its duration time were determined to
represent the experimental condition. The duration time of
the laser heat was set to 0.18 s that was obtained by
dividing 3 mm laser spot diameter by 1000 mm/min
scanning speed. In contrast, the deposition time for one
bead was 1.8 s in the experiment. However, because the
movement of the laser spot is not considered, the 1.8 s laser
duration time is too long for the simulation to represent the
quick temperature variation in deposition. The deposition
process can be more properly represented by superposition
of deposition at one laser spot.

To obtain the laser heat, the heat balance at one local spot

in the bead is considered. The heat transfers to the part with
lower temperature in the experiment because the
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Fig. 1: Two types of fabrication.
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Fig. 2: Schematic of Directed Energy Deposition.

Tab. 1: Laser beam conditions in experiment.

Laser type Diode laser
Laser power 2000 W
Fiber diameter 600 um
Wave length 1030 (x 10) nm
Spot diameter 3 mm
Focal length 11 mm
Scanning speed 1000 mm/min
Beads
Substrate Thermocouple2
05 Thermocouplel\14 10
— \ —
S o
|
[ ] : 8 Sr
|
|
~ B!
, By s R93
T8 1] 3[3[3 1151
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Substrate Bead

Y M5 Screw for
l fixation
Z X
Fig. 3: Geometry of substrate and fabrication in plane.

Tab. 2 : Specifications of laser displacement sensor

Working distance 60 mm
60=%=8 mm (height)

Measurement range .
15mm (width)

Light source wavelength 405 nm
Spot diameter 20 ym
5 um(width)

Repeatability 0.4 pm(height
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Tab. 3 thermal condition considered in simulation.

Heat convection 8 W/m?
Emissivity 0.1
Heat flow cpn3|derr|ng 10000 W
absorption rate
Heating time /bead 0.18 s

Tab. 4 Material parameters of SUS316L depending on

temperature.
Coefficient
Temperature of Young’s Yield
pK Thermal  Modulus  Strength
Expantion Pa Pa
/K
1.47 1.95 2.35
298 x 1075 x 1011 x 108
1.69 1.80 1.83
573 x 1075 x 1011 x 108
1.83 1.55 1.26
873 x 1075 x 1011 x 108
1.92 1.17 6.93
73 x 1075 x 1011 x 107
1.99 5.10 1.24
1473 x 1075 x 1010 x 107

temperature of the workpiece ahead and far behind from
the laser spot is lower than that of laser spot. However, in
contrast, such heat transfer does not occur in this
simulation because the entire bead is heated at the same
time. Thus, the laser heat input was decreased from the
experimental heat input in this simulation by multiplying the
area ratio between the laser spot and 3 mm X 3 mm square
that the laser spot passed through locally. The input heat to
a bead Hiorar in the simulation was obtained by the following
equation.

Heotar = 2000 W x =202 IR o 1 (1)

The laser heat was calculated to 15555 W from Eq. (1).
According to J.P.Kruth et al's work, the absorption rate of
laser heat for SUS316L powder was assumed to be 0.64
[Kruth 2003]. Therefore the heat input amount of each bead
was 10000 W, which was 15555 W multiplied by the
absorption rate 0.64.

The simulation was conducted by a commercial FEM
software ANSYS Workbench 2019 R3. Tab.3 shows the
thermal conditions in the simulation. Tab.4 shows the major
temperature dependent material parameters of SUS316L
given in ANSYS database.

2.4 Simulation and experiment results

Fig. 4 shows the substrate temperature measured by
thermocouple 1 and the temperature obtained by the
simulation. Three temperature peaks corresponding to the
three beads were confirmed. The difference between the
measured and simulated results was within 5 % at the
highest peak. A similar tendency was also seen in
thermocouple 2. This result showed that the laser heat and
its duration in the simulation were appropriately set.

Fig. 5 shows the simulated and measured thermal
displacements at line AA'. The displacement of the
substrate in the Z direction increases while the number of
beads increases. Both measured and simulated
displacements of three beads were approximately two
times larger than those of one bead, respectively.

Fig. 6 shows the simulated and measured thermal
displacements at line BB'. The measurement results for
y=18.0mm to y=25.5mm were omitted because the

1.5 mmx1.5 mmXxmn

measurement was interfered by the thermocouple cables.
When the first bead was fabricated, the displacement was
positively correlated with y position. However, when the
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Fig.4: Comparison of measured and simulated
temperature at Thermocouplel.
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Fig. 5 : Substrate displacement of experiment and
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Fig. 6 : Substrate displacement of experiment and
simulation on line BB’ in plane fabrication.
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third bead was fabricated, the displacement had a minimum
value both in the experiment and simulation.

The results of this section show that the thermal
displacement increases as the number of beads increases
in plane fabrication.

3 EFFECTS OF OUT OF PLANE FABRICATION
ON THERMAL DEFORMATION

To investigate the effect of the out of plane fabrication on
the thermal deformation, experiment and simulation were
performed.

3.1 Experimental and simulation method

Fig. 7 shows the geometry of the substrate and fabricated
workpiece. Five out of plane beads were fabricated on the
upper surface of the substrate. The displacement of the
upper surface of the substrate in the Z direction was
obtained by experiment and simulation.

The substrate was fixed to a table of the machine with a M5
cap screw. The material of the substrate and table is JIS
SUS316L.

Five beads were fabricated in the center of the substrate in
order toward the positive Z direction. The laser scanning by
DED proceeded in the positive Y direction. The profile of the
substrate surface was measured by the manner similarly to
that described in Section 2.2. The simulation was also
conducted similarly to the manner described in Section 2.3

3.2 Simulation and experimental results

Fig. 8 (a) and (b) respectively show the simulated and
measured thermal displacement on line AA'. In the
simulation, the deformation in the first bead accounted for
most of total displacement of the fifth layer. The second and
subsequent layers were hardly deformed. In the
experiment, the deformation in the first bead was
approximately 50% of the total displacement of the fifth
layer.

Fig. 9 (a) and (b) respectively show the simulated and
measured thermal displacement on line BB'. Similarly to the
deformation along line AA’, the deformation in the first and
second beads was dominant.

From Fig. 9 (a), in the simulation, the deformation of the first
bead was approximately 50% of the sum of the deformation
up to the 5th layer. From the second layer onward, the
deformation continued, although the deformation per one
layer gradually decreased. From Fig. 9 (b), in the
experiment, the deformation of the first layer accounted for
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Fig. 7: Geometry of substrate and fabrication out of plane.
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Fig. 9 : Substrate displacement of each layer on line BB’
out of plane fabrication.
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deformation up to the 5th layer. The deformation per each
layer decreased similarly to the manner seen in Fig.9(a).

In Fig.8 and Fig.9, the variation of the experimental
displacement could be caused by the variation of the laser
absorption rate and geometry of the workpiece. The laser
absorption rate of the workpiece is different between the
substrate and bead. The geometry of the workpiece
gradually changes from the flat to a rounded shape. These
variations saturate by the 4th to 5th layer at latest. Thus, the
experimental displacement in the 1st to 3rd layer gradually
changed.

The results of this section showed that in the out of plane
fabricating, the deformation at the initial stage of fabrication
had a significant effect on the total deformation.

4 METHOD FOR REDUCING THERMAL
DEFORMATION OUT OF PLANE DIRECTION
BASED ON WELDING THEORY

The discussion in Section 3 shows that the thermal
deformation in a first bead is dominant when stacking
multiple layers. Thus, in this section, a method for reducing
the deformation at the first layer is proposed in
consideration of the principles of thermal stress and thermal
strain generation. Simulations are performed to verify the
validity of the proposed method.

4.1 Thermal Gradient method

The principles of thermal stress and thermal strain
generation are explained by Thermal Gradient Mechanism
(TGM) in welding field [Shi 2007]. Fig. 10 shows the
overview of thermal stress and thermal deformation in
welding. A metal plate is welded along the center line (Fig.
10(a)). The heated part and the surrounding non-heated
parts are approximated by a beam. Both ends of the three
beams are connected to a rigid rod that can be freely
displaced (Fig. 10(b)).

Fig. 11 shows the relationship between the stress and
temperature of a center line considering elasto-plastic
deformation. The symbols Ta to To represent the
temperature at point A to D, o, represents the yield stress.
In the heating state represented by arrow OA (see also Fig.
10 (c2)), compressive stress occurs in the heated part
because of the thermal expansion of the heated part. Once
the compressive stress reaches yield stress, plastic
compressive deformation occurs in heated part because of
the restriction of the non-heated part. This state is
represented by arrows AB, AC and AD depending on the
temperature rise.

In the cooling state represented by arrows BG, CF and
DE(see also Fig. 10 (c3)), tensile stress occurs in the
heated part because of the thermal expansion of the heated
part. As represented by arrow EF, once the tensile stress
reaches yield stress, plastic tensile deformation occurs in
heated part because of the restriction of the non-heated
part. The residual thermal deformation is generally caused
by the plastic strain generated near the welded area. Thus,
the compressive plastic strain after cooling should be
reduced to reduce the thermal deformation.

The residual strain at the point F is calculated when
considering the cycle OADEF because the temperature
near the laser spot is generally very high. The residual
strain g at point F is expressed by the following equation:

ep = —(Tmax — Ta)a+ (Tmax — To)d (Te<Tyax<TD) (2)

where Ty« iS the maximum temperature, a is the thermal
expansion coefficient.

Non-heated Heated part

Rigid plate
parts

M Rigid plate
B Heated part
[] Non-heated part

=

(b) Modeled plate

iging

(a) Welded plate

M
Stress

Tensile(+)
Compress(-)
(c1) Initial (c2) Heatlng (c3) Cool|ng
condition condition condition
Fig. 10: Outline of thermal stress and thermal deformation
in the welding.
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Etensile
Oy
(6] TA (Tmax) TC (Tmax) Tm
temperature

_Uyo ____________
A B C D
Ecompress
Fig. 11: Stress depending on temperature in elasto-
plastically deformed metal. Red arrows represent
heating process. Blue arrows represent cooling
process

The temperature T, was derived from the stress-strain
relationship. The temperature T, was derived from the
deformation from point C to point F. T, and T¢ are
expressed by the foIIowing equations:

Ao'yo = (aTAL) k*

k+k*
Ty= 5 (3)
r o
e = Zos b
Te = 222 )

where E is the elastic modulas, k and k*are the rigidity of
heated part and non-heated part respectively, Sy and S
are the degree of restraint during heating and cooling,
respectively, which are obtained by the following
equationS'

B=rc (5)
k=EA/L (6)
k* = E*A*/L @)

where E and A are the elastic modulus and cross section of
the heated part, respectively and E*and A* are the elastic
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modulus and the cross section of the non-heated part,
respectively.

The residual strain at point F is expressed by substituting
Eq.(3) and (4) into Eq. (2):

- 1 2
& =2 G-—3) -
For simplicity, oy, E, and a are assumed to be constant
regardless of temperature.
4.2 Method to reduce thermal deformation

From Eq. (2), the residual strain was obtained by the sum
of the strain caused in AD and EF in Fig. 11. The strain
caused in AD is compressive plastic strain and the strain
caused in EF is tensile plastic strain. Thus, the residual
strain can be suppressed by cancelling the strain in AD and
EF. At a predetermined maximum temperature, the strain in
AD and EF is influenced by Beta as expressed by Eq.(8).
When gy and B¢ are equal, the strain in AD is larger than
that in EF. In our study, we tried to increase S to increase
the strain in EF.

we try to increase ¢ by keeping the stiffness k* of the non-
heated part. In the cooling state, E* is decreased due to the
residual temperature rise. Thus, the decrease of E* can be
at minimum by keeping the residual temperature rise of the
non-heated part as small as possible. An additional cooling
of the non-heated part can be an effective solution. In this
study, the effect of the interval for cooling between
depositions on the thermal deformation is investigated in
the following part. A long interval leads to the smaller
temperature rise of the non-heated part.

4.3 Simulation method

The effect of the proposed method was verified by
simulation which was similar to that described in Section
2.3. The thermal deformation of the workpiece in the Z
direction was obtained with different interval for cooling
between depositions. The interval was set to 2.4 s in the
conventional fabrication and 242.4 s in the proposed
method.

4.4 Result of the simulation and discussion

Figure 12 shows the thermal displacement in the Z direction
on line BB'. The curvature of the displacement was larger
for the conventional method. The difference between the
maximum and minimum displacements was 0.115 mm with
the conventional method and was 0.0762 mm with the
proposed method. Thus, the thermal deformation was
reduced by 34% by the proposed method.

Figure 13 shows the thermal displacement on line AA'". The
displacement is positively correlated with x position and
was approximately 0.13 mm at x = 38 mm. The conventional
method and proposed method showed similar results in

(Te<Tmax<TD) (8)
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H 0010266
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(a) Plastic strain in conventional method

overview although the 0.0061mm - 0.016mm difference was
observed in x position of 10-30 mm.

The reason why there is no difference between the
conventional and proposed methods can be explained by
the TGM. When the laser is scanned along the Y direction,
three beams shown in Fig.10 are parallel to the X direction.

0.25

conventional method (2.4 s interval)

— — — proposed method (242 .4 s interval)

0.2

©
@

Displacement Z mm
IS
T

0.05 |

0 5 10 15 20 25 30 35
y position mm

Fig. 12 : Thermal displacement of the two conditions

on the BB' line

0.15 T T T T T
conventional method (2.4 s interval)
— — — proposed method (242.4 s interval)
/
£ L
£ 0.1 //
> %
o
s /
5 /
3 /
2 /
A 005 /
/
/
/
Ve
s
P
— - -
0 = T s L L L L '
0 5 10 15 20 25 30 35

X position mm

Fig. 13 : Thermal displacement of the two conditions
on the AA' line

(b) Plastic strain in proposed method

Fig. 14 : Color map of the plastic strain in different interval for cooling.
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Because the laser passes laterally on the three beams, the
temperature distribution of the three beams during cooling
is almost the same. This causes an equivalent shrinkage of
the beams which results in the small thermal deformation
difference in the X direction.

Figures 14 (a) and (b) show the color map of the plastic
strain of the substrate surface in the Y direction. The blue
color represents the compressive plastic strain, and the red
color represents the tensile plastic strain. The maximum
compressive plastic strain is almost equal in both methods.
However, the blue area showing the compressive plastic
strain is smaller in the proposed method than in the
conventional method. Therefore, the proposed method can
reduce the plastic strain and the thermal displacement.

5 CONCLUSION

In this paper, the workpiece thermal deformation in metal
additive manufacturing was investigated. Experiments and
simulations were conducted to investigate the thermal
deformation in the out of plane direction during the out of
plane and in plane fabrication, which are the typical
manufacturing pattern in the additive manufacturing
technology. Then, based on the above investigation, a
method to reduce thermal deformation was proposed
considering TGM. The conclusions obtained in this paper
are as follows.

1. In the in plane fabricating, the deformation for each
bead was summed up. In the out of plane fabrication,
the deformation at the first bead was dominant.

2. A method to suppress the workpiece deformation in
the out of plane direction was proposed based on
TGM theory. The temperature of the area surrounding
the fabrication spot should be decreased to reduce the
thermal deformation of the workpiece.

3. The simulation results showed that the proposed
method was effective in suppressing deformation in
the out of plane direction along the lateral direction.
The thermal deformation was reduced by 34% by the
proposed method.
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