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Abstract

Electron beam-based additive manufacturing processes are being seriously considered for
manufacturing and repair applications in the aerospace industry. To be successful, these
processes must work over a wide range of material deposition rates to combine affordability
(requiring high deposition rates) with the ability to precisely deposit fine geometries (requiring
low deposition rates). Melt pool size and shape are key characteristics to control in these
processes. Control of melt pool dimensions will greatly increase the ability to successfully build
shapes, and may play an important role in controlling solidification microstructure. In this paper,
we present an analytically-guided approach for maintaining melt pool cross sectional area and
thermal finite element simulation results are presented over a wide power range (1-5kW) to
evaluate the approach. Single bead finite element simulations include the effects of temperature-
dependent properties, latent heat, material addition and the distribution of power by a rapidly
moving beam. Experiments were carried out on electron beam deposition equipment at NASA
Langley Research Center and results show the same trends as those seen in the models.
Ultimately, a map of curves of constant melt pool cross sectional areas and length-to-depth ratios
is presented, covering power and velocity ranges over roughly a factor of 5.

Introduction

Laser and electron beam-based additive manufacturing processes are being seriously
considered for manufacturing and repair applications in various industries. At the low power
range, Laser Engineered Net Shaping (LENS®), which has been developed by Sandia National
Laboratories and commercialized by Optomec®, has been used to create complex prototypes,
tooling, and small-lot production items with the ability to manufacture shapes based on geometry
from CAD solid models [1]. Using a similar approach, Electron Beam Manufacturing (EBM)
processes are being considered for manufacturing aerospace components. Like their laser-based
counterparts, in EBM, parts or features are built up layer-by-layer with the beam serving as a
moving heat source [2]. Electron beam-based processes offer added advantages over laser-based
processes, including more efficient energy transfer to the substrate, transfer efficiencies that are
not a function of the reflectivity of the substrate, the ability to deposit a wider range of materials,
and the ability to rapidly move the electron beam across the surface or within the melt pool to
locally tailor surface temperature fields.
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An analytical solution related to these processes was derived by Rosenthal [3] and
consists of a concentrated heat source moving across the surface of a semi-infinite half space. In
this paper, Rosenthal models fitted to replicate results from finite element simulations are used to
help interpret results and guide the selection of numerical simulations to perform. Previous work
by the authors and their co-authors on beam-based SFF processes dates back more than a decade.
Early work addressed the modeling and measurement of residual stress in metal and polymer
deposition SFF processes [4-7]. Control of melt pool size under steady-state conditions for laser-
based SFF processes has been considered by using a process map approach to plot melt pool size
over the full range of process variables for LENS® [8-11]. The process map approach has been
extended to consider melt pool size control under transient conditions and as a function of
process size scale [12-15]. In the work on transient melt pool response, numerically determined
melt pool response times are used to establish a lower bound on the response times of thermal
feedback control systems. In the work on process size scale, the role of process size on the
sensitivity of melt pool size to fluctuations in beam power or velocity are related to process
robustness. The issue of residual stress control for laser-based SFF has also been addressed
using a process map approach [16, 17]. In that work, a defined thermal gradient behind the melt
pool is proposed as a means for predicting changes in final magnitudes of residual stress based
on thermal simulation results. The work of [18] applies this approach to the concept of stress
reduction by localized part preheating via a dual-beam laser or electron beam system.

Where this paper takes a broad process control approach to understanding EBM
processes, other studies have focused on complex behavior inside the melt pool. A mathematical
model of laser penetration during laser welding under keyholing conditions is presented in [19].
A 2-D axisymmetric incompressible, viscous transient model was coded to include the effects of
surface tension and vaporization in [20]. Detailed mathematical models of melt pool behavior
were derived in [21, 22] that include surface tension and natural convection inside the melt pool.

Material microstructure plays an important role in EBM process control, due to
mechanical property requirements in finished parts. Rosenthal analytical calculations and finite
element simulations have been used to observe cooling rates and thermal gradients, and their
relation to grain morphology [23]. A study of process variable (beam power and velocity) effects
shows that microstructure can vary significantly along the depth of the deposit, and that under
high power conditions a transition from columnar to mixed or fully equiaxed structures is
possible [24]. It was shown experimentally in [25] that melt pool size and cooling rate
significantly depend on the travel velocity and laser power.

Sophisticated process models include the effect of material deposition on heat transfer
conditions. In [26], 3-D simulations were performed using a dummy material method to model
the addition of SS410 within the LENS power range. Following that, 2-D simulations were
improved including wire feed effects [27]. This approach is similar to that used in the numerical
modeling of this study, but the focus here is on mapping out melt pool dimensions over a broad
power range (roughly 1-5kW) of interest in EBM.

Experiment-based optimization studies have been performed to optimize melt pool cross

section size [28]. In this paper we consider the control of melt pool dimensions of cross
sectional area and length via modeling that spans the full range of EBM power and travel speed
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values of interest. Model predictions were followed by experiments for single bead deposition at
NASA Langley Research Center.

Nomenclature
T temperature
T.... base plate temperature (and initial substrate temperature)

Tm melting temperature
k thermal conductivity

p density

c specific heat

L melt pool length behind the maximum depth

Q or P beam power

o fraction of beam power absorbed by the substrate
\Y beam travel speed

d melt pool maximum depth

Area melt pool maximum cross section area

Analytically-Based Approach To Find Constant Area For Single Bead Deposition

In this paper we will consider single bead deposition, presenting it as a building-block for
the understanding of melt pool dimensional control in depositing complex geometries. In the
EBM processes considered herein, material is added to the molten pool via a wire feed
mechanism. Material deposition alters the geometry of the substrate and should be considered
for its effect on melt pool size and shape. In general, melt pool sizes will be larger if the
geometry of the deposited bead is included, due to a less direct conduction pathway into the
substrate.

As will be shown in this paper, however, a Rosenthal-based analytical approach which
neglects material addition, temperature dependent thermal properties and other physical effects
of relevance in EBM processes can still be used as a guide to understand how changes in beam
powers and velocities affect melt pool dimensions. Specifically, we use Rosenthal models with
thermal properties chosen at a single temperature between Tpase and Tp, to allow the matching of
a melt pool dimension with that predicted by a single sophisticated thermal finite element
simulation. This “fitted Rosenthal” model is then used to predict the dependence of that melt
pool dimension on beam power and velocity. Among other things, this allows the careful
choosing of power and velocity combinations to model with the more cumbersome finite element
models, which can take days to execute.

The goals of modeling single bead deposition are to identify baseline process variables
for desired material deposition rates and bead geometries (as a quick reference guide for
processing engineers), to identify process variable changes needed to maintain bead geometries
as deposition rates are changed over wide ranges, and to greatly increase operating ranges.
Achieving the final goal will allow consistent build conditions to be achieved under high
material deposition rates for rapid, economical building of parts, and under low deposition rates
for use in regions requiring geometric precision.
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Figure 1 shows fitted Rosenthal analytical results for single bead deposition of Ti-6Al-
4V. Each curve in the plot corresponds to beam power and velocity combinations yielding a
constant melt pool cross sectional area. Values of melt pool cross sectional areas of 0.016, 0.031
and 0.063 in® are considered. Values for total melt rate, which is sum of molten material
deposition rate and the rate of substrate melting, are provided in boxes for each of the 3 curves in
1kW intervals (from 2kW to 5kW). The curves of Fig. 1 were obtained by two fitted Rosenthal
models over two power ranges. For beam powers at the substrate (a.Q) larger than 3500W, Ti-64
thermal properties at 1523 K were used. For beam powers at or below 3500W, properties at
1200 K were used. Because of this, a slight discontinuity is seen in the shapes of the curves at a
power of 3500W.
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Figure 1. Analytical predictions for power and velocity combinations yielding constant cross
sectional areas

The curves of Fig. 1 can be used by processing engineers by first specifying a material

deposition rate in Ib/hr or in*min (9.5Ib/hr is approx. 1 in®/min for Ti-64). For a given feed wire
diameter, this fixes the wire feed rate. Next, a ratio of molten deposited material vs. substrate
material must be specified. In work to date, a ratio of 1:0.30 has been used. This then
determines the total rate of melting (for matching to values in the boxes). One finding of this
work is that the total rate of melting is largely determined by the beam power. At each power
level, the total melt rate values do not vary significantly between the green, red and blue curves
(though the differences are greatest at 2kW). The final step in using the plot of Fig. 1 is to
specify a melt pool (bead plus melted substrate) cross sectional area. This determines what curve
to use, and determines the travel speed, V. Another way of thinking about the results of Fig. 1 is
that the total rate of material melting is largely determined by the beam power. Beam velocity
then determines whether you have a large melt pool moving slowly across the plate or a smaller
melt pool moving rapidly across it, but in all cases the total rate of melting remains roughly the
same.
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The procedure outlined above allows use of the results of Fig. 1 to choose beam power,
Q, and travel speed, V, for user-specified values of deposition rate, ratio of molten deposited
material to substrate material, and melt pool cross sectional area. However, the plot is also a
guide to maintaining melt pool area as beam power, beam velocity and material deposition rates
are changed. To maintain bead cross sectional area while changing material deposition rate,
beam power and velocity are increased or decreased while staying on a given curve. At the same
time, wire feed rate is increased or decreased proportionally with beam velocity.

There are other ways that the results of Fig. 1 can be used. For instance, given a cross
sectional image from a single bead deposition experiment with a length scale, it can be
determined what processing curve deposition occurred on, based on bead and remelt cross
sectional areas. Also, if a material deposition rate is given, travel velocity can be determined by
dividing by the bead cross sectional area. Beam power can then be determined from the plot.

It is interesting to note that the curves of Fig. 1 are nearly straight lines. Thus, relatively
simple rules of thumb can be formulated for use by processing engineers. The curves of Fig. 1
are not through the origin, however. This is due to a finite melt pool cross sectional area that
exists as the velocity is reduced toward zero. A commonly used rule of thumb for e-beam or
laser-based processes is that one can maintain deposition conditions over a range of powers and
velocities by keeping the ratio of beam power to beam velocity constant. This is typically
referred to as the “P/V = constant” criterion. If this criterion were correct in predicting melt pool
areas, the curves of Fig. 1 would be straight lines through the origin. The consequence of the
results of Fig. 1 is that a P/V = constant rule of thumb can give very poor results in small-scale
processes (e.g. in the < 1kW range) but it will become more accurate in understanding melt pool
area control for large scale processes. In such cases, the offset of the curves from the origin has
less of an effect.

Numerical Approach To Predict Constant Melt Pool Area For Single Bead Deposition

Three-dimensional finite element simulations have been performed to more precisely
model single bead deposition, and to relate to the analytical results presented in Fig. 1. Two
kinds of simulations were performed to obtain melt pool dimensions. The first type, designated
as an added material simulation, uses the model change function in ABAQUS to directly
simulate the addition of material by the wire feeder. In this type of simulation, all elements are
defined and built initially, but elements in the added material portion of the model are
deactivated using the remove function. After that, at each step, elements are added to simulate
the addition of new bead material. In the current version of these models, the bead material
existing during each load step extends 3 elements ahead of the heat source, which aids in the
numerical solution and models heat transfer into some of the wire as it is fed into the melt pool.
The second simulation type is designated as a constant bead model. In these models, the entire
bead geometry is included in the simulation at all times. This greatly simplifies the modeling,
and still captures many of the geometric features of the added bead. However, this allows heat
transfer to occur well ahead of the melt pool in the bead material. Thus this type of model will
tend to yield, for the same processing conditions, slightly smaller melt pool sizes than the more
accurate added material simulations.
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Consistent with deposition in a vacuum, these 3-D models do not include convective heat
transfer on their vertical and top surfaces. The models have an initial temperature of 373 K and a
constant temperature of 373 K specified at the base. Eight-noded linear brick elements are used
throughout the model. A distributed heat flux along the top of the added bead is used instead of
concentrated heat flux, more closely modeling oscillatory movement of the electron beam during
deposition (which is used in experiments at NASA Langley to reduce the concentration of heat
on the surface).

Figure 2(a) provides a far-field view of the 3-D mesh used for the symmetric added
material and constant bead simulations. To reduce computational time, the mesh is biased
toward the middle of the model, where steady-state melt pool sizes are determined. Figure 2(b)
shows melt pool thermal contours from an added material simulation. Figure 2(c) illustrates the
geometry of the added bead and melt pool maximum cross section shape, through a cross
sectional view (in this case the heat source is moving out of the page).

(a) Added material and constant bead 3-D model geometry and mesh
(b) Added material melt pool image

(c) Maximum cross section area of the melt pool (image is a cross sectional cut view of the
geometry shown in (a) and (b))

Figure 2. Added material simulation images and temperature distribution near the melt pool
Numerical results for constant bead and added material models are given in Table 1 for

comparison with Rosenthal analytical results used to generate the plot in Fig. 1. The melt pool
cross sectional area values given in Table 1 show that, for high velocity cases (blue line), there
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are no differences between constant bead and added material model results. For low velocity
cases (green line) noticeable differences are seen. This is because, at high velocities, heat
diffusion has no time to distribute heat ahead of the melt pool, so the additional material in the
constant bead model does not affect the results. In comparing added material and Rosenthal
analytical results, a similar trend is seen. High velocity (blue line) cases show very good
correlation between the analytical and numerical models. Low velocity (green line) results show
a significant difference, with the analytical results always being smaller than the corresponding
numerical results. In these large cross sectional area cases, the geometry of the bead is having an
effect on the results. The results of Table 1 thus indicate that the curves plotted in Fig. 1 are
accurate representations of melt pool behavior, except for the green curve results, and
particularly for the low power, low velocity cases on that curve.

Table 1. Comparisons between Rosenthal analytical results, constant bead model simulation
results and added material simulation results

Fitted | Constant Bead |Added Material
Melt Pool Cross Section Areas {in*2) Rosenthal Model Model
Green Line|Case 1 aQ=5000W; V=194 in‘min 0.063 (.069 0.073
Case 1: @Q=3000W; V=109 In‘min| 0.063 0,068 0.079
Case 1: @(=2000W; V=5.2 inmin 0.063 0,079 0,104
RedLine [Case 1: aQ=5000W: V=42.5in'min| 0.031 0,033 0.032
Case 1: aO=3000W; V=236 iIn‘min| 0.031 0,034 0.035
Case 1: @0=2000\W; V=13.9in‘min| 0.031 0.034 0.037
Blue Line |Case 1: @Q=5000W; V=87.4in‘'min| 0.016 0.016 0.016
Case 1: @0=3000W; V=52.0in‘'min| 0.016 0.016 0.016
Case 1: @0=2000W; V=32.0in‘'min| 0.016 0.017 0.017

Control Of Melt Pool Length To Depth Ratios

Melt pool cross sectional area is a key geometric quantity to control in EBM. It is related
to bead cross sectional area and to melting depth into the substrate. Although the link between
melt pool area and depth is not direct for cases of material addition (it depends on the bead
geometry), for the Rosenthal model it is direct, with A = © d*/2 (melt pool depth is simply the
radius of the semicircular melt pool cross section). A second key geometric quantity is melt pool
length, here defined as the length along the surface from the point corresponding to the
maximum melt pool depth to the melt pool trailing edge. Experiments have shown that melt
pool length can affect solidified deposited bead shape, consistent with its determining the
geometry of the solidification front along the back of the melt pool. Along curves of constant
melt pool area plotted in Fig. 1, melt pool lengths can change by a factor of more than 2. These
facts have motivated a second study of melt pool length to depth or L/d ratios.

Table 2 presents added material numerical results for L/d ratios taken along the three
constant melt pool cross sectional area curves of Fig. 1, with the curves corrected to agree with
the more accurate added material finite element simulations. Using these results, a second order
polynomial equation for L/d has been fitted along each of the 3 curves. These polynomial fits
where then used to determine curves for constant L/d ratios, intersecting the curves for constant
melt pool cross sectional areas. The final result of this work is presented in Fig. 3, which gives
curves of not only constant melt pool areas, but also curves of constant L/d, all determined from
added material finite element simulations.
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Table 2. L/d ratios obtained from added material simulation results

Velocity
aQ (W) (in/min) L/d
Green Line 2000 10.1 3.16
3000 14.1 4.63
5000 23.2 6.27
Red Line 2000 17.1 3.38
3000 25.8 5.13
5000 445 8.80
Blue Line 2000 32.8 4.66
3000 51.5 7.14
5000 86.7 11.11

As shown in Fig. 3, curves of constant L/d are very much different than curves of
constant melt pool cross sectional area, and, in fact, are nearly normal to the middle (red line)
curve corresponding to a cross sectional area of 0.031 in®>. The plot of Fig. 3 now allows a
processing engineer to not only identify beam powers and velocities to yield a desired melt pool
cross sectional area, but to also then vary power and velocity to maintain that cross sectional
area, or to maintain the current L/d ratio. Results shown in Fig. 3 demonstrate that for a
specified material deposition rate (which roughly determines beam power) the high velocity
(blue) curve yields the largest L/d values.
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= N | |
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Figure 3. Lines of constant melted cross sectional areas and L/d ratios as determined by added
material finite element simulations

Analogous predictions for L/d have been obtained using Rosenthal analytical
calculations, yielding curves for constant L/d ratios. However, separate fitting of the results is
needed for melt pool lengths and melt pool depths. To calculate melt pool length, Ti-64
properties at 992 K were used. For melt pool depth values, properties at 1523 K were used for
cases with beam powers larger than 3500W. For beam powers at or below 3500W, properties at
1200 K were used (identical to that used for melt pool areas because the two dimensional
quantities are linked for a Rosenthal model). Predictions were compared to those from added
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material simulations plotted in Fig. 3. The comparison showed similar trends in results, but
numerical values were not in good agreement. This was due to differences in melt pool lengths
themselves, and due to differences in depth values for the same cross sectional areas (due to
geometric differences). It was found that multiplying all Rosenthal-derived L/d values by a
factor of 1.2 gave reasonable agreement with the added material simulation results in most cases,
but not all. Overall, the use of fitted Rosenthal-based analytical formulas to predict melt pool
cross sectional areas seems fairly robust. However, trying to use such a model to predict
anything more than trends in melt pool lengths is not accurate.

Experimental Results

A collaboration between Carnegie Mellon and NASA Langley Research Center has
allowed testing of the predictions provided in Fig. 1. Experiments were performed for single
bead deposition using beam power and velocity combinations along each of the 3 curves
presented in Fig. 1. Specimens were sectioned at two locations along the bead length in the
steady-state portion of the bead. Figure 4 shows a typical cross sectioned bead image. Note that
the boundary of the remelted portion of the substrate (designated by red arrows) is not the
boundary of the entire discolored region of the substrate. That boundary designates the boundary
of the heat affected zone.

Figure 4. Cross section micrograph showing the deposited bead, the remelted substrate
boundary (see arrows) and the substrate heat affected zone

Experimental results for melt pool cross sectional areas are presented in Fig. 5. As the
figure indicates, melt pool cross sectional areas were relatively constant. The exception to this
finding is the lowest power case for the low velocity (green) line that is uppermost on the plot.
Although this case is inconsistent with the Rosenthal-based curve for constant cross sectional
area provided in Fig. 1, it is very much consistent with the more accurate finite element
predictions presented in Table 1. This shows the value of including the geometric details of bead
deposition in some cases. The agreement between the absolute numerical values for melt pool
cross sectional areas and the experimental values is not very good, with experimental values
always being higher (sometimes significantly so) than the predicted values. Investigations are
underway to try to pinpoint the source of this disagreement. Regardless, however, the trends in
the experiments clearly indicate the ability to control melt pool cross sectional areas over a very
wide range of beam powers.
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Figure 5. Experimental results presenting total (deposited+melted) cross section areas with
changing power. \elocities were selected according to fitted Rosenthal calculations to obtain a
constant area.

Conclusions

In this paper, analytical and numerical methods are used to map out combinations of
beam powers and beam velocities for controlling melt pool dimensions in electron beam
manufacturing (EBM) processes. The melt pool dimensions considered are melt pool cross
sectional area and the ratio of melt pool length (L) to maximum depth (d). Results are presented
which show specific paths through processing space to yield constant melt pool areas or L/d
ratios. Experimental results are presented which show a clear ability to maintain melt pool cross
sectional areas over a wide range of practical powers. Modeling results are also presented that
demonstrate why a P/V = constant rule of thumb for maintaining melt pool dimensions can yield
poor results, particularly for small-scale processes.
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