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A Numerical Study of a Cooling Ratio for Laser Based Prototyping
Technology with a Sample of 3161 Stainless Steel
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Abstract: The objectives of this work are to study Laser Engineered Net Shaping (LENS™) produced materials and iden-
tify the microstructures. Numerical method was used to examine the influence of materials’ type and LENS™ process pa-
rameters on the forming of the specific microstructures from thermodynamics and fluid dynamics point of view. Samples
of 316L stainless steel were examined, microstructures of samples were used to estimate the corresponding cooling rate,
and the cooling rate was compared with the results of three different levels of simplified models.
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INTRODUCTION

LENS™ is a type of Rapid Prototyping (RP) technology,
that is unique in fabricating fully dense metal parts directly
from Computer Aided Design (CAD) solid models by layer
additive methods [1]. The thermal history plays an important
role in this process, particularly; the heating and cooling his-
tory are the critical factors to determine the microstructure of
the produced part. LENS has been employed since 1970s.
Anthony& Cline [2] published a paper whose main objective
is to improve surface finish by showing how to calculate the
velocity of scanning — moving part. Moving the part faster
than critical speed will cause avoidance of rippling — wavy
effect, which causes rough surface. Although this paper ana-
lyzes two-step laser cladding process — depositing the pow-
der, and then melting it, rather than one-step LENS™ proc-
ess (when depositing and melting are done simultaneously),
findings are useful for LENS™, too. Laser-beam impact
point and the intersection line of the solid-liquid interface
with the surface generate surface-tension gradients that
sweep liquid away from beam impact point. The resulting
flow of liquid creates a depression of the liquid surface be-
neath the beam and ridging of the liquid surface elsewhere.
As the beam passes to other areas of the surface, this distor-
tion of the liquid is being frozen, thus creating a roughened
rippled surface. If the traverse speed is higher than critical
velocity, the liquid does not have sufficient time to form
ripples — rippling from surface-tension gradients can be
avoided.

Kamotani & Ostrach [3] analyzed thermocapillary flow.
Thermocapillary flow is the flow caused by heat-induced
surface tension variations along a free, liquid surface. Con-
vection is represented by Marangoni number (Ma). Thermo-
capillary flow transits to oscillatory flow at the critical value
of Ma (~6x10%). Oscillatory mechanism has been
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explored in space laboratory, where 1-G effect from the ex-
periments on the earth can be neglected. Results were pre-
sented in the second listed paper; however, the use of just
Ma to specify the onset of oscillations was not appropriate.

According to Kobryn et al. [4], there are two types of po-
rosity: 1) lack-of-fusion (LOF) porosity (caused by incom-
plete melting of substrate or previous layer; along layer
boundaries; irregularly shaped; at thin substrates), and 2) gas
porosity (caused by gas from the powder feed entrapment; at
thicker substrates). Both types of porosity decrease with in-
crease of traverse speed and power level. Liu and DuPont [5]
reported that LENS™ is convenient for metals and alloys:
H13, 316 stainless steel, nickel-base superalloys and tita-
nium alloys. A problem in depositing alloys by LENS —
cracks in the deposits. Cooling rate is dependent upon the
heat input (P/V). Preheating substrate to 450-500°C is neces-
sary to prevent the solid-state cracking.

Boddu et al. [6] developed an empirical model for ex-
plaining Laser Based Manufacturing Technique (LAMT)
processes. RP has an ability to fabricate complex metal parts.
Monitoring of the Direct Material Deposition (DMD) proc-
ess is done by: laser displacement sensor, temperature sensor
and CCD matrix camera. Processes like: laser cladding, laser
forming, laser ablation, laser welding, laser surface treat-
ment, laser metal deposition require certain factors to be
monitored: powder feeder, energy delivery — heat input,
powder utilization efficiency, dilution (determines the
amount of liquid layer that needs to be formed on the sub-
strate to ensure proper bonding), depth-relation (penetration
depth increases almost linearly with increase in the specific
energy), porosity (occurs due to cavities between tracks that
form from overlapped tracks; clad’ aspect ratio -
width/height — should be >5 and percentage overlap <70%),
clad dimensions, powder catchment efficiency, etc. and fit-
ting these factors into models.

According to Brooks et al. [7], advantages of LENS™

process are: real time control of microstructure, tailored ma-
terial properties at different part locations, the production of
graded structures, etc. Complex thermal history occurs dur-
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ing LENS™ process. Microstructure is determined by using
transmission electron microscopy (TEM) — un-tempered
martensite structure is at the supercritical region.

According to Pan et al. [8], advantages of semi-solid
processing to near-net shaping are: reduced turbulence in the
die cavity, reduced defects, better mechanical properties than
high-pressure die castings, reduced die wear, lower energy
consumption. AlB2 alloy was examined. Two major types of
semi-solid processes are: 1) thixocasting; 2) rheocasting.

Atwood [9] shows that “high temperatures make it hard
to form accurate, smooth objects from molten metal” - the
problem with dimensional accuracy — finished product has
slightly corrugated surface. Ability to mix powder streams of
different materials is pointed out.

Gatto et al. [10] conducted experiments in order to im-
prove Z-Cast technique — metal casting process (in this case
— Al alloy) and apply it in automotive industry. Special at-
tention was paid on evaluating eventual critical factors in the
technological chain. Obtained results were satisfactory de-
viations wise.

Henning et al. [11] had a goal to identify the potentials of
Rapid manufacturing (RM) process chains and their flexible
structuring, as well as to select proper application, in the
light of increasing need for individualization of products. As
early stage of RP, conception, development and product-
prototyping are defined. Future directions in research are:
100% quality control of individual mass products, smoother
and more accurate surfaces, materials and combination of
materials, logistics. Software used for surface modeling,
geometrical inspection, analysis of flaws, material inho-
mogeneity or material structures.

Syed et al. [12] did experimental comparison between
parameters for the wire and powder metal deposition. For the
powder, overlap of clads was 30°. Surface was rougher for
powder feeding. Powder was fed through different nozzle
than inert gas; any angle between 0-180° was satisfactory.
There was no significant difference in microstructure — sam-
ples remained austenitic. Cavities between adjacent over-
lapped layers were present. Deposition efficiency was far
worse for the powder; deposition rate increased with CO,
laser power increase. Undulation of the surface was caused
partly by loose particles, embedded particles and semi-
molten particles, and partly by the instability of the molten
pool — the number, size and shape of the powder particles
entering the melting pool at any point are not constant. Also,
generally stronger gas flow in the center of the pool due to
atomizing gas can also disturb the pool. 3-D heat transfer at
the layer with fine microstructure near the substrate becomes
2-D and with coarser microstructure further from.

Grujicic et al. [13] developed a model for in-flight melt-
ing of metal powder in LENS™. In addition, optimization
analysis is performed. Results show that as particle velocity
decreases and particle trajectory angle (between particle and
laser beam) decreases, residence time of particles in the laser
beam increases. Short description of LENS™ system is
given. Oxygen level in the glove box is maintained bellow 2-
3 ppm. The important difference between two basic LENS™
modes is made: 1) the focus of the laser is on the substrate,
making melting pool where the metal powder is injected; 2)
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metal powder is injected at the focus of the laser that is
above the substrate — melting substrate has to be avoided
(considered in this work). Energy necessary to melt metal
particles is calculated. Optimization method (laser power)
increases particle size from 27 um to 300 um. Laser-power
threshold for substrate melting decreases when trajectory
angle increases — if the trajectory angle increases, focus of
the laser beam needs to be closer to the substrate. Also, melt-
ing of the substrate surface is modeled (2D) and it uses
Gaussian distribution for the laser power.

Hofmeister et al. [14] used thermal imaging and metal-
lographic analysis to control cooling rates in LENS™ proc-
ess. Heat transfer is modeled. Molten zone is 0.5 - 1.5 mm
long, and cooling rates range from 200-6000 K/s. The key to
the mechanical structure is the solidification structure. The
net rate of material deposition is 2.2 mm®/s, argon velocity is
30m/s. The geometry and temperature of the substrate are the
most important factors in determining the molten pool size,
since about 90% of heat carried out of molten pool is con-
ducted through the substrate. Heat conduction is the greatest
for the first layer (depositing on a cold substrate) and there-
fore, the first layer has the smallest molten pool. Solidifica-
tion is not a steady process; thermal gradients drive Maran-
goni convection. Re-melting and coarsening occurs subse-
quently to initial deposition. The primary phase formed in
the solidification process is austenite. As the laser energy
increases (absorbtivity of a material at the wavelength times
Q / travel velocity V) increases, molten pool size increases
(both in x and y direction). The local minimum of gradient
curves defines the dimensions of the molten zone. Cooling
rate decreases when the laser power increases according to
Rosenthal [15]. Finite element analysis is suitable for pre-
dicting the cooling rates during deposition. Freezing rate, the
inverse of cooling rate, was found to be proportional to the
square root of thickness. In this quasi-steady conditions, the
square of the molten pool length should be inversely propor-
tional to the cooling rate. Therefore, cooling rate can be ap-
proximated by knowing the length of the molten pool. Since
the laser power can be controlled to achieve desired molten
pool length, then cooling rate and consequently microstruc-
ture can be altered.

Liu & DuPont [16] considered functionally graded mate-
rials (FGMSs) — combining ceramic powder with metal pow-
der in different ratios. Here, the LENS™ system, that usually
consists of four systems (Nd:YAG laser, four nozzle coaxial
powder system, controlled environment glove box and a mo-
tion controlled system) had a melt pool sensor (MPS), which
constantly adjusts the laser power. Also, rotational speed for
the powder is controlled. The laser absorption coefficient of
a material is a function of temperature, electrical resistivity
and laser’s wavelength. By combining two types of materi-
als; thermal stresses can be significantly reduced. Both
cracks and plastic deformations can be reduced as well.

Watkins’s [17] work discusses current research and pros-
pects of Direct Laser Fabrication (DLF). Originally, laser
cladding was used to improve wear and corrosion resistance
of surface of metal parts through: 1) pre-placed, or 2) blown
powder cladding. One of methods was computer controlled
one or more feeder screws in each hopper. Hardness and
wear maps were created. Out of three basic cross sections of
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clad tracks, low dilution fusion bonded track is the preferred
cross section profile. In order to avoid porosity, aspect ratio
(width/height of the clad) needs to be higher than 5. Aspect
ratio decreases with thicker clad layer and higher mass flow
rates. Dilution should be (5-10)%.

According to Klingbeil et al. [18], laser welding has ap-
plication in aerospace (and car) industry, with main advan-
tage to significantly reduce buy-to-fly ratio. Predicting mi-
crostructure will help predicting mechanical properties. By
the use of elemental blends, creating the next generation of
aerospace materials is possible. The work enforces simula-
tion-based methods, and reduces trial and error methods in
order to predict the effects of process variables (laser power
and laser velocity) on microstructure. Used numerical mod-
eling procedures: 2-D thermal continuum finite element
modeling (finite element software ABAQUS used to provide
insight into the effects of variables on grain size and mor-
phology; fraction of laser power absorbed by the deposit
0=35%; contour limit 1650°C) and 3-D cellular automation
(used to provide direct predictions of microstructure in Ti-
6AIl-4V; ProCast™ software used — Gaussian distribution of
nucleation sites). Since CAFE3D software is designed to
start from an entirely liquid state, it was necessary to first
isolate the melt pool region from the ProCast™ model. Sub-
strate: 50.4mm(L) x 8.69mm(W) x 2.26mm (H); laser
power: (315 - 385) W; laser velocity (6.35 — 10.6) mm/s. If
the grain morphology is categorized: equiaxed, columnar,
mixed; resulting microstructure was columnar. Fourier’s
Law was used to determine nodal heat flux output. Solidifi-
cation velocity (R) - cooling rate increases with increasing
laser velocity.

In this paper, the microstructures of LENS™ produced
316L stainless steel and the microstructures were examined
and the corresponding cooling rates were calculated using
the experimental relations [19]. At the same time, the nu-
merical results were compared with that of experiment.

MATERIALS AND METHODOLOGY
Sample Study

316L stainless steel block building sample is studied in
this paper; the Dendritic Arm Spacing (DAS) was measured
to be 3.7-5.38 microns. The calculated cooling rate for this
sample using equation A; = 80(¢) *3* is11000K/s.

Numerical Simulation

When the substrate traverses under the laser, metals are
melted for the closing up of laser spot and solidified for the
parting away of laser spot. Simultaneously, powders are in-
jected into the melting pool, there are following several phe-
nomena involved: convection, conduction and radiation heat
transfer; metal’s melting and solidification, heat and mass
exchange between discreet particle powders and continuum
melting pool.

Navier-Stokes (N-S) equations are the governing equa-
tion for simulating the flow field and thermal field in and
around the melting pool. In addition, Lagrange-Eulerian
method is used to track the motion of powders and heat
transfer between powders and melting pool. The Volume of
Fluid (VOF) method was used to track the interface between
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liquid metal and environment gas, Argon. Mushy zone melt-
ing / solidification model is used to mark the interface of
liquid metal and solidified metal.

Mathematical Procedures

The heat conduction equation is given by

a(pCT) I’} (pLF,) (1)

P =V-(kVT)—§

where p is the density of the liquid mixture, ¢ is the mix-
ture specific heat capacity, k is the mixture conductivity, L is
the latent heat, and F, is the fraction of liquid solidified. The
mixture properties are defined as

pc=(1-F)p,c +Fpg 2)
k=(1-F )k +Fk, (©)

with the subscripts “s” and “I” refer to the properties of the
solid and liquid phase, respectively.

The discretized form of Eq. (1) can be written as

ATy e+ SauTs-[F - R A (4)
where a's represent the numerical parameter given by
Patankar [20], and the superscripts “n” and “0” refer to the
current time iteration value and the previous time step value,
respectively. Following Swaminathan and Voller’s work
[21], the liquid fraction at the current time step can be up-
dated using

dF
Fes R+ ] (5)

where “k” indicates the iteration count so that on conver-
gence, the second term on the RHS of Eq. (5) is equal to
zero. Direct substitution of Eq. (5) into Eq. (4), after drop-
ping the iteration count superscript, yields

[ap - SP]TPn = ang + Zanthr; + Sc (6)
nb
__pLdR
5, =21 7
PoAtdT Q)
_pL o IR
Sc - At[':lg - FIP +d7-|-ITP (8)

The term dF./dT can be evaluated according to the appro-

priate liquid fraction-temperature curve for the alloy. The
curve following Scheil’s equation used in this study is given
in Appendix.

Volume of Fluid (VOF) Method

In LENS™ process, liquid metal is not penetrating with
the environment gas, so the VOF model is suitable for this
kind of situation. For each additional phase that was added to
the model, a variable is introduced: the volume fraction of
the phase in the computational cell. In each control volume,
the volume fractions of all phases sum to unity. The fields
for all variables and properties are shared by the phases and
represent volume-averaged values, as long as the volume
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Fig. (2). Boundary Conditions & Mesh.

fraction of each of the phases is known at each location.
Thus the variables and properties in any given cell are either
purely representative of one of the phases, or representative
of a mixture of the phases, depending upon the volume frac-
tion values.

Mushy Zone Melting / Solidification Model

The mushy zone is a region in which the liquid fraction
[ lies between 0 and 1. The mushy zone is modeled as a
"pseudo” porous medium in which the porosity decreases
from 1 to 0 as the material solidifies. When the material has
fully solidified in a cell, the porosity becomes zero and
hence the velocities also drop to zero.

B = 01 if; T< Tsolidus

B=1,if; T < Tiiquidus

-

Amano et al.
Substrate Traverse
N Middle Plane
Environment Gas Middle Line
o
Interface
Heat Flux
T .
B =2 if Totius < T < Thiquidus 9)

liquidus ~ Tsolidus

RESULTS AND DISCUSSIONS

The calculation geometry and the dimensions are shown
in Figs (1 and 2), respectively. Notice that in the current
experimental setup, both ends of the fiber bundles are
extended out of the mold and cooled by two heat sinks at the
ends. There are several processing parameters influencing
the rate of solidification of the alloy melt containing carbon
fibers. These parameters include, but are not limited to, the
effect of the pouring temperature of the alloy melt, the heat
sink temperature imposed at the ends of the fiber bundle, the
length of the fiber that is extending out of the mold, the
thermal conductivity of the fibers, the initial temperature of
the mold, the conductivity and wall thickness of the mold,
the pressure applied during squeeze casting, and also the
diameter of the fiber bundle. The results can be utilized to
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Table 1 Simulation Parameters
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Table 2. Cases Description

fiber bundle. The results can be utilized to design micro-
structure of carbon fiber reinforced aluminum matrix com-
posites. Some of the simulation results are validated by the
cooling curves obtained from experimental measurements.

This linear increase of solidification times with pouring
temperatures is very similar to the simulation results ob-
tained by Zhang et al. [20] in squeeze cast Al alloy/SiCp
composites.

This paper simplifies the real LENS system as shown in
Fig. (1). The upper stationary part represents the laser &
powder nozzles assemble and the surrounding environmental
gas, while the under moving part represents the moving
metal substrate. The dimension of upper part is
0.18mx0.06mx0.03m and the dimension of under part is
0.10m X 0.06m X 0.03m.

Static Temperature
(Mixture) (K) 5000 -

4500

4000

3000

2000

1000

500 -

Density (Kg/m~3) 7730 Case 1 Case 2 Case 3
Specific Heat Cp (j/k/K) 450 VOF Model \
Thermal conductivity (W/m/K) 215 Melting/Solidification Model \ \
Viscosity (Kg/m/s) 0.0055 Powder Injection Model \
Solids Temperature (K) 1390 . . .
— As shown in Fig. (2), the mesh size of the whole model is
Liquids Temperature (K) 1440 480,000 grids. There are heat flux boundary condition ex-
Laser power (W) 220 erted on position of laser spot and the value is coming from
Beam Diameter (m) 0.0005 the calculation of laser power used and laser spot diameter.
- Powder injections are set on each nozzle and the powder size,
Traverse Velocity (m/s) 0.0148 L . .
: flow rate and injection speed is directly from the sample
Powder Feeding rate (kg/s) 3.34E making parameters. The surrounding boundary is to be con-
Powder Injection Velocity (m/s) 6.37 stant temperature wall, this is reasonable with high precision,
: because the heat infected zone is small, around 5-10mm [22],
Powder Diameter (m) 1.00E-07 . . . LT
this will be verified when the temperature distribution is cal-
Heat Flux (W/m~2) 1.12E+09 culated out.
Environment Temperature (K) 320 In this paper, three real samples were studied; corre-
Environment Pressure (Pa) 101325 spondingly, three simulations were carried out. The parame-

ters are collected in Table 1. In case 1, the powder injection
model, VOF model, and Melting/Solidification model were
used. In case 2, the powder injection model was taken off
from casel, so case 2 did not take the effect of powder’s
absorption of energy into account. While in the metal was
only treated as a solid, so the whole effect of melting pool
was get rid of. The cases descriptions are shown in Table 2.

Fig. (3) shows the temperature distribution of three cases
along the middle line at time t=1s separately. The tempera-
ture remains unchanged as the environment temperature;
only in the small area around laser spot (x=0m) the tempera-
ture shoots up suddenly.

Fig. (4) shows the temperature changing with time of
three cases; from this figure, the heating rate and cooling rate
is easy to find. The numerical results and experimental sam-
ple results on cooling rate is listed in Table 3.

0 T T T T
-0.01 -0.008 -0.006 -0.004 -0.002

0 0.002 0.004 0.006 0.008 0.01
Position (m)

Fig. (3). Temperature Distribution along the middle lone at different time: t=1s.
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Fig. (4). Temperature Changing with Time.
Table 3. Cooling Rate (K/s)

Experimental Data Numerical Data

Case 1 11000 9163

Case 2 11000 7954

Case 3 11000 6163
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Fig. (Al). The Liquid Fraction-Temperature Curve Following the
Schell Relationship of A1-4.5 weight (wt) %.

Compared with previous work [16], the case 2 yield more
accurate results by compared with experimental data for the
refined mesh. While in case 2, because the powder injection
model was ignored, so as the energy transfer between the
powder and continuum metal was ignored, so the final aver-
age cooling rate is smaller than the experimental data. In
case 3, the melting pool effects was also get rid of, so the
results between case 2 and case 3 differ from each other.
From the comparison of three cases, the cooling rate largely
depends on the metal’s solid material properties. At the same
time, the powder’s injection also contributes much to the
final cooling rate.

CONCLUSIONS

The computational simulation shows that the predictions
were made within 16 percent error when compared the cool-
ing rate with the experimental data. The computational
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model has predicted that the LENS™ process is capable of
incorporating TiC reinforcement particles into a metal ma-
trix. TiC particles were plated with nickel 1-3 microns thick
to facilitate wetting/bonding in the metal matrix. The nickel
layer is generally not visible at the particle interface using
optical SEM microscopy. Apparently, the nickel layer has
been taken into solution by the 316L matrix to varying de-
grees. No evidence of dewetting is present on particles that
do not exhibit the nickel layer. TiC particle were added into
the matrix at 1-45 microns in size. The dendritic arm spacing
was measured on the order of 5-10 microns. Evidence of
particles being entrapped, is evident in the microstructure
between cells and groups of cells or dendrites.

The equilibrium solidification phase transformation for
316L stainless steel is primary ferrite solidification. The mi-
crostructure observed was primary austenite indicating a
change to the equilibrium solidification mode. Further work
can be done to refine to dig out more precise mass transfer
between powder and melting pool, so that more precise cool-
ing rate can be measured.

NOMENCLATURE
English Symbols

a = Numerical parameter

E = Energy (Jm*/kg)

H = Enthalpy (Jm°/kg/s)

P = Pressure (kgm™s™?)

Q; = Heat Transfer (J)

t = time (s)

Vi = i component of velocity (m/s)
Vv = j component of velocity (m/s)
X = Cartesian coordinate (m)

P = Density (kg/m?)

) = Laminar Shear Stress Tensor (N/m?)
o= Turbulent Shear Stress Tensor (N/m?)
M = Dentritic Arm Spacing (DAS) (m)

€ = Cooling Rate (K/s)
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APPENDIX

The change of liquid fraction of Al-4.5 weight (wt)% Cu
alloy can follow different relationships. Among many pro-
posed relationships, the Scheil curve seems to be widely
used by other researchers. The authors have chosen to use
the Scheil curve for this study; the graph is shown on
Fig. (Al).
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