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Abstract To discuss the influence of thin-walled blade’s
curvature change and accumulating layer number on the
temperature field distribution in laser direct metal deposi-
tion and obtain a uniform thickness of a thin-walled blade,
the temperature field distribution was calculated by numer-
ical simulation. The thin-walled blade’s curvature change
and accumulating layer number can be studied, respective-
ly. The effect of accumulating layer number on temperature
field distribution was studied by thin wall; the effect of
curvature change on temperature distribution was investi-
gated by thin-walled rings with different curvatures. The
numerical results show that the molten pool temperature of
the thin wall increases with the layer number, and the
molten pool temperature of thin-walled ring increases with
the its curvature. The rules of laser power changing with the
layer number and curvature in the processing of the thin-
walled blade can be obtained by simulation when keeping
molten pool temperature stable. According to the numerical
results, the thin-walled blades were fabricated by experi-
ments. The experimental results show that the laser power
should be changed with the layer number and curvature if a
uniform thickness of the blade can be obtained, which is in
agreement with the numerical simulation.
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1 Introduction

Laser direct metal deposition (LDMD) is a very promising
process for the rapid fabrication of fully dense steel
components directly from a CAD model [1-4]. LDMD is
a process which builds solid metallic parts by injecting
metal powder into a laser-generated molten zone. After
deposition of each layer, the powder delivery nozzle and
the laser beam head are raised in the z-direction. Accord-
ingly, the part is then built line by line and layer by layer.

Control of the molten pool size, which is dependent on
the molten pool temperature, is a critical issue since it
impacts the quality of the product. Therefore, a thorough
understanding of the molten pool temperature distribution is
imperative. Much research work has been carried out in this
field. Pinkerton and Li developed a simple thermal model
to analyze the temperature distribution and estimate the
molten pool size [5]. Liu and Li established a model to
investigate the effects of process parameters on the layer
thickness, powder utilization rate, and forming speed of
thin-walled parts [6]. Labudovic et al. studied the effects of
laser-processing parameters (laser power and scanning
speed) on the molten pool size [7]. Wang et al. developed
a three-dimensional finite element model to optimize
molten pool size for each layer [8, 9]. And other scholars
built numerical models to simulate the temperature history
during LDMD process [10-14].

In the existing research, the effects of process parame-
ters, material properties, environmental conditions, and
deposition process on the molten pool temperature were
discussed. However, there are few systematic studies on the
effect of the parts’ curvature change on the molten pool
temperature, as shown in Fig. 1. In the present work, a
three-dimensional finite element model was built to
simulate multilayer LDMD of 316L stainless steel
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Fig. 1 Schematic diagram of thin-walled blade with different
curvatures

(316LSS) powder using the ANSYS software package. The
model considers a Gaussian distribution of heat flux from a
moving heat source with a conical shape. The laser power
was optimized in order to achieve a predefined molten pool
temperature. The thermal cycles were calculated for a 15-
layer LDMD process. According to layer number and
curvature, the rules of laser power changing in the
processing of the thin-walled blade were obtained by
simulation under keeping the molten pool temperature
stable condition. Finally, based upon the predicted laser
power of each layer, the thin-walled blades were fabricated
by experiments.

2 Finite element modeling

The effects of the thin-walled blade’s curvature change and
accumulating layer number on the molten pool temperature
field distribution can be studied, respectively. The effect of
accumulating layer number on temperature field distribu-
tion was studied by thin wall; the effect of curvature change
on temperature distribution was investigated by thin-walled
rings with different curvatures. The influence of thin-walled
blade’s curvature change and accumulating layer number
on the temperature field distribution can be obtained by
combining the effects of layer number and curvature
change. The thin-walled rings with different curvatures
can be replaced by different radiuses.

2.1 Geometric model of thin-walled rings

To predict the temperature distribution of thin-walled rings
in LDMD process, a three-dimensional finite element
model was built to simulate the LDMD process using
ANSYS. The geometry and finite element mesh used in the
model are shown in Fig. 2.

2.2 Heat transfer equation and analysis
To calculate the temperature distribution, the finite element

method was used to numerically solve the following heat
transfer equation:
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Fig. 2 Finite element mesh and geometry
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(1)

Where T is temperature, ¢ is time, p is density, ¢ is specific
heat, and K, K|, and K, is the thermal conductivity at x-, y-,
and z-direction, respectively.

The most significant heat transfer mechanisms in LDMD
refer to the heat input from the heat source and the heat
losses due to conduction, convection, and radiation from
the deposition layer surfaces. In the present investigation,
radiation was ignored.

2.3 Heat input

In order to simulate the heat input distribution, the laser
beam is modeled as a Gaussian profile of heat flux
produced by a moving heat source with a conical shape.
During LDMD process, part of the energy generated by the
laser beam is lost before being absorbed by the deposited
material. Measurements in Ref. [15] revealed that the laser
energy transfer efficiency was in the range of 30-50%. This
indicates that more than half of the incident laser energy is
not transferred to the deposited material. Several factors can
reduce the net absorbed laser energy: partial reflection on
the deposited metal, absorption by in-flight powder and
absorption by evaporating metal from the pool [8]. The
Gaussian distribution of heat flux can be computed
according to the formula [16]:

aT (0] —22
—k—=n—5exp|—— |- <
k 5% = g2 exp( e ) r<R (2)

Where Q is laser power (W), 7 is utilization rate of laser,
R is laser beam radius, and r is the distance from the
point which is located inside the beam to the center of
beam.
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Table 1 Material properties of

316L stainless steel [17] Temperature(°C) Specific heat (J/kg°C) Conductivity (W/m°C) Density (1.0E3 kg/m®)
20 477 12.6 8
100 496 14.7 8
200 515 16.3 8
300 525 18.0 8
400 550 19.8 8
500 577 20.8 8
600 582 22.6 8
700 611 239 8
800 640 25.5 8
900 669 26.4 8
1,000 675 27.5 8
1,100 711 28.6 8
1,200 739 29.7 8
1,430 760 31.7 8
2,000 812 42 8
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Fig. 3 The temperature field distribution with the Ist-layer number; a Fig. 4 The temperature field distribution with the Sth-layer number; a
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2.4 Material properties

Because the material thermophysical behaviors have a
great impact on the accuracy of numerical simulation
results, the finite element heat transfer analysis requires
accurate values of thermal conductivity, specific heat,
material density, and latent heat of fusion. The thermal
physical behaviors are dependent on temperature, as
shown in Table 1 [17].

2.5 Initial and boundary conditions
To resolve heat transfer equations, the initial and boundary

conditions are needed in the computational domain. The
three boundary conditions can be concluded as follows:

*
T=T (3)
NODAL SOLUTION MAY 8 201
STEP=725 16:58:5
SUB =1
TIME=159
TEMP (AVG)

SMN =20
SMX =2620

L —
20 597,757 1176 1753 2331
308.879 886.636 1464 2042 2620

(b)

Fig. 5 The temperature field distribution with the 15th layer number;
a global and b local
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or oT (’)T

Ky g nX+Ky6 ny + K, — % . =4q (4)
or oT oT

Ky o nX+Ky8 ny +K,— % n,=h(T,—T) (5)

Where K is the thermal conductivity, 4 is the convective
heat transfer coefficient, 7, is the ambient temperature
around the part, which is considered to be equal to room
temperature.

Besides all the heat conduction equations boundary
conditions, the initial temperature must be set, which is
considered as initial condition.

T(xay7za t)|t:0 = TO (6)

The latent heat of fusion is simulated by a manual input
in the specific heat according to Brickstad and Josefson
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Fig. 6 The relationship between the temperature distribution and the
trend of laser power and layer number; a the temperature distribution
and b the trend of laser power changing
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Fig. 7 The temperature field distribution with the radius of 1 mm; a
global and b local

[18]. The relationship among enthalpy (H), density (p), and
specific heat (c) is:

AH(T) = L pe(t)dt (7)

Where H is the enthalpy.

3 Results and discussions

Through preliminary experiments, the basic process param-
eters were optimized with the use of 6 mm/s scanning speed
and 250 W laser power. The laser energy transfer efficiency
is set to 0.35 [19]. The substrate material utilized was also
316LSS.

The molten pool temperature distributions were calcu-
lated with different layer numbers of thin wall and different

NODAL SOLUTION o
MAY 8 2010
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TIME=2.6
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Fig. 8 The temperature field distribution with the radius of 4 mm; a
global and b local

1800

175 [
1750 [ \\\
1725 [
1700 [
1675 |
1650 [
1625 [ \\\\
[ ]

1600 |-

Temperature/(OC)

1575 |-

1550 I i 1 " 1 L 1 n 1 " 1 " 1 " 1

Radius/mm

Fig. 9 The relationship between temperature distribution and radius
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Fig. 10 The trend of laser power changing with different radiuses

radiuses of thin-walled rings, respectively. Because of the
fluctuation of molten pool temperature in each layer, the
mean temperature of each layer is considered as the
temperature of the deposition layer.

3.1 The influence of accumulating layer number
on the molten pool temperature

The model dimension along x-, y-, and z-axes direction of
thin wall is 60x0.5x3 mm?>. The calculation is performed
for the deposition from the first layer to the last layer (the
15th layer). Figures 3, 4, and 5 show the typical
temperature field distributions of the fabricated thin wall
with different layer numbers. The calibrated model was
then used to simulate the entire 15-layer LDMD process.
The temperature distributions with layer number were
shown in Fig. 6a under constant laser power condition.
Based on the 1,570°C produced by temperature field
computation of the first deposited layer, the trend of laser
power changing could be obtained with layer by layer by

powder | g

Nd:YAG laser

Fig. 11 Schematic diagram of experimental setup
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Table 2 Composition of the

316LSS powder Element Wt.%
C 0.024

Si 0.51

Mn 1.53
0.024
S 0.003

Cr 16.75

Ni 10.17

Mo 2.05

Fe Base

keeping a constant molten pool temperature, as shown in
Fig. 6b.

It is observed from Fig. 6a that the calculated temper-
ature increases with the layer number. Because the substrate
is cold during deposition of the first few layers, and as more
layers are deposited, they act as a barrier to heat conduction
to the substrate, the part becomes hotter and the temperature
increases with the layer number. In order to achieve a
steady temperature distribution surrounding the molten
pool, the laser power must be adjusted for each layer.
Figure 6b shows the laser power applied for each layer
when keeping the molten pool temperature stable. Provided
that the laser power of the first deposition layer is denoted
by P. The declined percentages of laser power are denoted
by « with the increasing layer number when the temper-
ature of each layer is consistent with the temperature of the
first layer. Then the laser power of any layer can be
calculated by Px«a under keeping the molten pool
temperature of each layer stable. It is observed that the
laser power decreases with the layer number.

3.2 The influence of curvature change of thin-walled rings
on the molten pool temperature

The thin-walled rings with different curvatures can be
handled by defining different radiuses. To investigate the

Table 3 Basic process parameters for the fabrication of thin-walled
blade samples

Parameter Value
Table feeding rate (m/s) 0.006
Beam diameter (m) 0.00048
Powder mass flow rate (kg/s) 0.00013
Shielding gas (Ar), flow rate (m>/h) 0.43
Carrier gas (Ar), flow rate (m*/h) 0.48
z-Increment (m) 0.0002
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Fig. 12 The cross section of thin-walled blade samples

influence of different thin-walled rings’ radiuses on the
molten pool temperature, the molten pool temperature
distribution is studied with the radius of R=1, 2, 3, 4, 5,
6, 8, 10, and 15 mm when depositing the first layer.
Figures 7 and 8 show the typical temperature field

500um

(b)

Fig. 13 Photos of the thin-walled blade sample with constant laser
power; a the thin-walled blade sample and b the cross section

(b)

Fig. 14 Photos of the thin-walled blade sample with varied laser
power; a the thin-walled blade sample and b the cross section

distributions of the thin-walled rings with the radius of 1
and 4 mm, respectively. The relationship between temper-
ature distribution and radius was shown in Fig. 9.

As can be seen from Fig. 9, the molten pool temperature
decreases with the radius, namely, the molten pool
temperature increases with the curvature. It is also observed
that the molten pool temperature tends to be gentle when
the radius is more than 4 mm. This indicates that the
influence of the radius on the molten pool temperature is
weak when the radius is more than 4 mm.

In order to keep the molten pool temperature stable for
different radiuses, the trend of laser power changing can be
obtained based on the 1,570°C produced by temperature
field computation of the thin wall’s first layer. And the
relationship between laser power and radius was shown in
Fig. 10.

According to section 3.1, the laser power of any layer
can be calculated by Px « under keeping the molten pool
temperature of each layer stable. To keep the temperature
distributions of the thin-walled rings with different curva-
tures consistent with the thin wall, the decline percentages
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Fig. 15 The relationship between building thickness and layer
number; a with constant laser power and b with varied laser power

of laser power are denoted by [ with the increasing
curvature.

Combining Fig. 6b and 10, the trend of laser power
changing with layer number and curvature can be obtained

Fig. 16 A thin-walled blade
sample
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under keeping melt pool temperature stable. The laser
power of the first deposition layer used is denoted by P. The
declined percentages of laser power are denoted by « with
the layer number and 3 with the curvature. Then the laser
power of any layer and any curvature can be calculated by
Pxaxf.

4 Experimental investigations

To verify the correctness and rationality of numerical
computation, a thin-walled blade sample was fabricated
by experiments. The experiments were carried out with the
equipment shown in Fig. 11. The system includes a Nd/
YAG laser with a 1 kw maximum output power, a three-
axis computer numerical control (CNC) worktable and a
powder supply system. The laser beam was guided to the
worktable through an optical fiber and focused by a lens
with a 160-mm focal length. The powder used was 316LSS
with spherical shape and its diameter is 15~45 pum. The
substrate material utilized in experiments was 316LSS with
a dimension of 100x75x4 mm>. The compositions of the
powder are shown in Table 2.

To agree with simulation computation, the laser power is
set to 250 W in the first layer in experiments, and other
process parameters are shown in Table 3. The laser power
was preset in a CNC system before experiments. The thin-
walled blade samples were built under two different
conditions: constant laser power and varied laser power.
The layer number of the two parts is 15. After experiments
the cross sections of thin-walled blade samples were
obtained by cutting, grinding, polishing and metallograph-
ical etching, and then the thickness of each layer can be
measured under Hitachi S-3000N scanning electron micro-
scope as shown in Fig. 12.

Two thin-walled blade samples were built with constant
laser power and varied laser power, respectively. According
to numerical results, the varied laser power was carried out
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as follows: the laser power is changed with layer number,
and in each layer the laser power is also different at the
corners of R=1 mm (AB region) and R=4 mm (DE region)
in Fig. 1. The pictures of the two parts with 15 layers are
shown in Figs. 13 and 14.

Figure 13 shows the sample and its cross-section
fabricated with the constant laser power of 250 W. We
can see that the height on the top layer of the sample is
uneven, and the corner is abnormally higher than other
places in the scanning path.

At the sharp corners in the path, the movement controller
of CNC system has to vary its vector velocity to change the
movement direction in Fig. 13. Because the worktable of
the CNC-machine decelerated and then accelerated at the
corner, whereas the laser was on, the traveling speed of
CNC table at the corner is lower and the energy and
powders at the corner may be higher than other normal
places. As a result, the effects resulted in excessive build-
up. Simultaneously, the thickness of the thin-walled blade is
increased from the bottom to the top. This is due to the
change of the molten pool temperature field distribution
during the whole depositing process. As displayed in Fig. 6,
it can be recognized that at the beginning the temperature
increased very rapidly with the layer number because the
workpiece was cold and the heat conductivity (three
dimensional) was high and the thickness is nonuniform in
the first a few layers. After about 14 layers, with decreasing
heat conduction (two dimensional), the heat exchange
reached a quasi-steady status. Thus, the molten pool
temperature increased slowly.

To improve the forming quality of the sample and
control, the molten pool temperature, the varied laser power
was pre-set in CNC system according to the numerical
results. Figure 14 shows the sample and its cross section.
The sample exhibits no excessive build-up but a homoge-
neous thickness.

The thicknesses with layer number were measured at
three positions: R=1 mm, R=4 mm, and R=infinite under
the two different conditions. Figure 15 shows the relation-
ship between layer thickness and layer number under two
laser power conditions, respectively.

As can be seen from Fig. 15a, the layer thickness
increases gradually with the layer number and decreases
with the radius. Figure 15b shows that the thickness of the
sample is uniform compared to Fig. 15a under the varied
laser power condition.

To obtain the uniform thickness of thin-walled blades
and keep molten pool temperature constant with layer
number, the laser power was reduced continuously with
layer number due to less conduction through the workpiece.
When heat equilibrium arrived, the laser power was no
longer falling. However, the thickness at the same layer was
not uniform due to curvature change. The reason is that the

size of the molten pool at the corners was bigger than the
other normal places due to the accumulating energy, so the
laser power was reduced further at the corners.

By using above parameters, a thin-walled blade sample
was fabricated as shown in Fig. 16. The actual building
height of the thin-walled blade sample is 77.56 mm, and the
designed height is 78 mm.

5 Conclusions

1. The effects of thin-walled blade’s curvature change and
accumulating layer number on the temperature field
distribution were calculated and the trend of laser
power changing with the layer number and curvature in
the processing of the thin-walled blade can be obtained
by simulation when keeping molten pool temperature
stable.

2. The thicknesses of the thin-walled blade samples were
investigated with constant and varied laser power by
experiments. The experimental results show that the
excessive build-up occurred with constant laser power
because of the increase of energy density at corners and
the thickness with varied laser power is more uniform
than the constant laser power.
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