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Abstract : Laser Engineered Net Shaping (LENS™) is a
rapid-manufacturing procedure that involves complex
thermal, mechanical, and metallurgical interactions. The
finite element method (FEM) may be used to accurately
model this process, allowing for optimized selection of input
parameters, and, hence, the fabrication of components with
improved Thermo-mechanical properties. In this study the
commercial FEM code ANSYS is used to predict the
thermal histories, total deformation, von-misses stress and
shear stress generated in straight wall and substrate of
stainless steel 304. The computational results are compared
with experimental measurements for validation.

Keywords: Laser engineering net shaping, FEM, total
deformation, von-misses stress and shear stress , Element
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l. INTRODUCTION

Laser Engineered Net Shaping (LENS™) is a
rapid manufacturing technology developed by Sandia
National Laboratories (SNL) that combines features of
powder injection and laser welding toward component
fabrication. Several aspects of LENS™ are similar to those
of single-step laser cladding. However, whereas laser
cladding is primarily used to bond metallic coatings to the
surfaces of parts that have already been produced with
traditional methods!™), LENS™ involves the complete
fabrication of three-dimensional, solid metallic components
through layer by layer deposition of melted powder metal.
In this process, a laser beam is directed onto the surface of a
metallic substrate to create a molten pool. Powder metal is
then propelled by an inert gas, such as argon or nitrogen
through

I1.  Literature Review
Keicher et al.®! evaluated the effects of process
parameters on multi-layer deposition of laser-melted powder
Inconel® 625 in a process similar to both laser cladding and

LENS™. The group initially examined various parameters,
including laser irradiance, stage translation speed, powder
flow rate, powder particle size, and the size of each Z-
directional increment  between layers and their effect on
heat affected zone (HAZ) size generated during the build.
The HAZ was defined in this study as the melted region
below the surface of the substrate and was examined post-
build via metallographic analysis. Khalen and Kar”
performed an investigation into the effects of a several
parameters on the resulting yield strength of AISI 304

stainless steel thin plates in process identical to LENS ™
termed laser-aided direct rapid manufacturing (LADRM).
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converging nozzles into the molten pool. Depending upon
the alignment of the nozzle focal point with respect to that
of laser, then powder is then melted either mid-stream or as
it enters the pool. As the laser source moves away, the
molten material then quickly cools by conduction through
the substrate, leaving a solidified deposit.The substrate is
located on a 3 or 5-axis stage capable of translating in the X
and Y-directions. Initially, a 3-D CAD model is created to
represent the geometry of a desired component. The CAD
model is then converted to a faceted geometry composed of
multiple slices used to direct the movement of the X-Y
stage where each slice represents a single layer of
deposition. During the build, the powder-nozzle/laser/stage
system first traces a 2-D outline of the cross section
represented by each slice | the X-Y plane and then proceeds
to fill this area with an operator-specified rastering pattern.

Z-axis posttioning of
focusing lens and nozzle

Beam/powder
mteraction zone

: X-Y positioning stages

Figure 1 : Schematic of LENS™ deposition process

Laser beam

Powder delivery
nozzle

The laser/nozzle assembly then ascends in the Z-
direction so that the next layer can be added. This process is
repeated for consecutive layers, until completion of the 3-D
component . This feature is illustrated schematically in
Figure 1

This team sought to generate a range of input parameter
values within which components with acceptable
mechanical properties could be deposited. Their approach
involved using the Buckingham II-Theorem to express the
process variables associated with heat transfer and powder
mass flux in terms of 14 dimensionless parameters.
Rangaswamy et al.**? sought to experimentally measure

residual stresses in LENS'" deposits using the neutron
diffraction method, the details of which are discussed in next
Section The measurements were performed on LENST™-
produced rectangular plates of AISI 316. The neutron data
was collected at several points methodically distributed
within the geometry of the samples, to provide a map of the
stress distribution then calculated the axial components of
residual stress through Hooke’s law. Each stress component
was then plotted against position within the plate, first, along
the height (Z direction) on the sample vertical centerline, and
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next, along the width (Y-direction) on the plate horizontal

centre line. Wang and Felicelli™ next performed a
parametric study similar to that done by Hofmeister et al.
to determine if the same trends in cooling rates and thermal
gradients were observable for different laser power. He
repeated the previous simulation using five power intensity
values, revealing that the temperature gradient at the edge of
the molten pool increases substantially with laser power,
while the cooling rate decreases. The resulting plots are
shown in Figure 8 where AQ indicates power intensity. Neela
and Del™ to study the effects of translation speed and laser
power on the resulting temperature profiles using the general
purpose FE package, ABAQUS® 6.6. The researchers used
an element Activation/deactivation similar to those
previously to model the deposition of a thin plate of AISI
316 with temperature-dependent thermal conductivity and
specific heat according to a liner, and quadratic relation,
respectively. Deus and Mazumder!™") attempted to predict the
residual stresses resulting from a laser cladding deposition of
C95600 copper alloy onto an AA333 aluminium alloy
substrate. Since residual stresses would be generated by the
heterogeneous thermal expansions of the deposited and
substrate materials, accurate stress calculations would also
require accurate prediction of the temperature fields created
during the build. Labudovic et al.®! to predict residual

stresses in a process identical to LENS ™ termed the direct
laser metal powder deposition process. A 3-D coupled
model was implemented through the FE package ANSYS®
for the deposition of a 50 mm x 20 mm x 10 mm thin plate
of MONEL 400 onto a substrate of AISI 1006. The
deposition was modelled with an ANSYS® element
activation option similar to those already presented. Energy
input density was modelled as a moving Gaussian
distribution through the ANSYS® Parametric Design
Language subroutine.  The constitutive model was a
temperature-dependent visco-plastic model, in which viscous
effects were neglected by ignoring it the associated term in
the equation of state.

I1l.  Thermal modeling

3.1Temperature Distribution

In the LENS process, a moving laser beam
strikes on the substrate cause the powder and a portion
to melt. The melted parts solidify again after cooling.
By solving the three-dimensional heat conduction
equation in the substrate, the transient temperature field
can be obtained. The heat conduction equation with no
source term is:
L+ Ly Ll < pe, 0D
dx ox @y oy 0Oz Oz ot

..(1)

Where k is the thermal conductivity, T is the
temperature, p is the density, p c is the specific heat and is
the time. The left term of Eq. (1) depicts the conductive heat
transfer in the space while the right term of Eq. (1) refers to
the imposed heat flux at a point of the clad. The heat
conduction equation must be subject to the following
boundary conditions: The imposed heat flux will
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correspond to the power density of the laser beam.
Assuming an uniform-distributed laser beam, we have:

Pa
OCx. y.z.0) = %
T

where P is the power of laser source, a is the
absorptivity of clad material and r, is the radius of laser
beam. The heat conduction equation must be subject to
the following boundary conditions: Convection:

— KN T = (T —T})

....... €)

Radiation:

—AkVT = o (T —T,)
...... 4)

Where his the convective heat transfer coefficient, € is
the emissivity, ¢ is the Stephan-Boltzmann constant and
TO is the ambient temperature. In addition, the following
initial condition should be satisfied

T{,\’, y‘sza 0) = }{—) a”d T(Jray‘s Za CCI) = ?:)

...(5)
3.2 Stress Analysis
In this case, no body forces or surface tractions are
applied and the only load is from the transient thermal field.
The strong temperature gradients induced by laser beam
causes thermal strain which lead the work piece to yield.
The total strain is written as:

. e ” th

Where the components refer to elastic, plastic and thermal
strain, respectively. The elastic and thermal strains are
expressed as :

To calculate the plastic strain, kinematic hardening,
together with Von Mises yield criterion is assumed.

3.3 Modeling assumptions

The assumptions during the thermal and structural
modeling of the LENS process are as follows:

The substrate is initially at room temperature
(20°C). The boundary condition around the substrate is the
convection heat transfer with a constant coefficient. The heat
flux is moving and it has uniform distribution on the
activated elements.
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The activated elements of the molten pool are at the melting

temperature. The convective redistribution of heat in the
molten pool is considered. The substrate is assumed to be
stress free at the beginning of the process. The substrate is
placed on the worktable and has no clamp to restrict its
movements. The speed of laser beam is considered constant
and the time for laser to change direction is 4 second. The
powder addition onto the substrate is divided into many
small time steps to simulate the quasi-steady nature of
LENS process.

3.4Transient thermal analysis

Thermal conductivity and specific heat are
temperature dependent.The heat transfer considered here is
conduction, the effect of convection is considered &
radiation are not considered.The latent heat required during
phase change of SS 304 is also taken in to account.The
element birth/death option is used to account for the addition
of new elements in the solution domain corresponding to the
deposition of powder for creating a multi-layer structure on
a substrate. The substrate is assumed to serve simply as a heat
sink.Boolean features of ANSYS is used for bonding of
substrate and layers of thin wall. Thermal and Mechanical
properties of SS304 is used for thin wall and substrate.

3.5 Model

o]

i

Figure. 2 : Mesh and Nodes Generation

A model for LENS process is built. As shown in
Figure 4, Substrate : 40 x 40 x 10 mm. The example under
consideration thin wall has length L=30 mm, breadth
W=6 mm, height H=14 mm respectively. 6 tracks across
width is assumed of equal width of 1 mm while each of the
20 layers in the wall height is assumed of equal 0.7 mm
height . Each layer : 30 mm Long, 1 mm Wide and 0.7 mm
height. As shown in Figure 2, a total of 25402 nodes, and
14951 Tetrahedral elements are generated to accomplish this
simulation. The laser beam travel time for one pass is 4
seconds and it is discretized into 20 equal time steps with
0.20 second for each step. One more step with time t=200s
is added after the existing 20 steps to account for the cooling
after laser beam goes past the substrate.

5 Layers
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IV.  Modelling consideration

4.1Thermal boundary and initial condition

The substrate is at room temperature as the
beginning of the process and the ambient temperature Ty =
20 °C = 293 K. The side and top surface is assumed to be
convection heat transfer with a constant coefficient of 30
W/m?K. The equivalent convection coefficient is 400
W/m?K for the bottom of substrate. Step applied for various
temperatures as T or Tco as shown in below table.

Table 1: Properties of SS304

T???{g“r Thermal | Yield | Young's | S2e
Conductivit | Stress§ | modulus | of
Y, ,0Y , E Fusion,
wW.m?'k? (MPa) | (GPa) JIkg

25 14.8 241 193 -

400 20.7 159 - -

600 23.5 134 - -

800 25.8 114 - -

1000 28.8 97 - -

1100 29.9 - - -

1200 31.6 88 - -

1300 32.8 76 - -

2.65x10
1454 - - 5

4.2 Structural boundary and initial conditions

The substrate is assumed to be stress free at the beginning of
the process. The only load applied to the system is the
thermal field, analyzed in the previous step. The bottom of
the substrate is subjected to displacement constraints so that
it has no movement in the z direction. The substrate,
however, is free to deform in the x and y direction.

V. Simulation results

5.1Temperature Distribution

In the actual production, the LENS is a multi-track
and multi-layer manufacturing process. In this analysis , the
laser power is 3.0 kW, the scanning rate is 14 mm S*, the
speed of delivering powder is 0.002 kg S™ , the temperature
field distribution after the laser returns, and the temperature
field whose maximum temperature is 2038.77 K, lowest
temperature is 20.00 K, and the temperature drops very
quickly. The temperature distribution of the material right
after finishing the last step of the deposition for each
deposition pattern. The maximum temperature, just after
turning off the laser, significantly drops below the melting
temperature

Figure 3 : Von-mises stress distribution, Max. shear stress distribution and Total deformation
WWW.ijmer.com
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Figure 4: \Von-mises stress distribution, Max. shear stress distribution, Total deformation distribution
15 Layers
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Figure5: \on-mises stress distribution, Max. shear stress distribution and Total deformation distribution
20 Layers
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Figure 6 : \Von-mises stress distribution, Max. shear stress distribution and Total d
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VI. Results and discussion

Main Effects Plot for Vonmises
Data Means
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Figure 7 : Relation between layers and max. von-mises stress
Main Effects Plot for Max. shear stress
Data Means
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Figure 8 : Relation between layers and max. shear stress
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Main Effects Plot for Total deformation
Data Means
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Figure 9: Relation between layers and max. total deformation

Table 2 : Result obtained for 5, 10,15 and 20 layers

Location

) Maximum Substrate
Von-mises — -

Minimum Thin wall

Maximum Substrate
Shear stress . -

Minimum Thin wall

] Maximum Substrate

Total deformation Mini Thi "

inimum in wa .
attained when the laser

As predicted, the thermal analysis of the process shows that
the wvarious deposition layers directly changes the
temperature history of the process. The non-uniformity of
the temperature field is one of the main reasons for stress
rising. Figure 7 shows the Von-Misses stress at the end of
the deposition process for each deposition pattern and the
maximum Von-Misses stress value in various deposition
layers . Among all deposition layers. The maximum stress
occurs at the interface of the deposited material and the
substrate. In order to better analyze the stress distribution of
the deposited material, the Von-Misses stress of the surface
of the deposited material is shown in above graph and as
shown figure 8 as the layer increases the max. shear stress
value also increases but as shown in figure 9 the total
deformation is suddenly goes down and reaching up due to
deposition strategy and sudden effect of laser power.

VII.  Conclusion

Although in the different layers have different activated
time, they have similar temperature and thermal stress
variation regularities. The temperature  gradients in
specimen are mainly along Z direction, Among all those
force components of Von Mise’s effective stress, Z -
directional thermal stress is much larger. In the different
layers, the Von Mise’s effective, total deformation, shear
stress in next layer are almost twice the values of previous
layer. The start point of each layer has an enormous effect
on the distribution and intensity of thermal stress. During
LENS, high thermal gradients tend to develop in the
through-thickness direction. The associated differential
thermal contraction often generates relatively high stresses,
which are likely to cause yielding in the hot, near-surface
regions. The present work has manifested that the peak
temperature at any point is
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beam passes over that location. As the beam moves away
from the location, the newly deposited metal rapidly
solidifies at a varying cooling rate with a very high initial
value. During the deposition of subsequent layers the
temperature again shoots up as the laser beam passes over
the similar locations thus resulting in repetitive thermal
cycles that can be correlated with the effect of gradual
increment in total deformation, von-mises stress and shear
stress.
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