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Abstract

Additive manufacturing (AM) offers reduced material waste and energy usage, as well as
an increase in precision. Direct metal AM is used not only for prototyping, but to produce final
production parts in the aerospace, medical, automotive and other industries. Process mapping is
an approach that represents process outcomes in terms of process input variables. Solidification
microstructure process maps are developed for single bead and thin wall deposits of Ti-6Al-4V
via an electron beam wire feed and electron beam powder bed AM process. Process variable
combinations yielding constant beta grain size and morphology are identified. Comparison with
the process maps for melt pool geometry shows that by maintaining a constant melt pool cross
sectional area, a constant grain size will also be achieved. Additionally, the grain morphology
boundaries are similar to curves of constant melt pool aspect ratio. Experimental results are
presented to support the numerical predictions and identify a proportional size scaling between
beta grain widths and melt pool widths. Results demonstrate that in sifu, indirect control of
solidification microstructure is possible through direct melt pool dimension control. The ability
to control solidification microstructure can greatly accelerate AM process qualification

potentially allow for tailored microstructure to the desired application.
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Chapter 1 Introduction

The development of additive manufacturing (AM), or 3D printing, has revolutionized the
manufacturing paradigm. AM begins with a computer aided design (CAD) model, which is
translated to a layered model. The layered model is used to deposit material layer-by-layer
building a near net shape part [1]. Compared to conventional manufacturing methods, AM offers
reduced material waste and energy usage, as well as an increase in precision [2,3,4]. With the
introduction of direct metal AM processes, AM is used not only for prototyping, but to produce

final production parts for aerospace, medical, automotive and many other applications [1].

While AM offers the promise of increased efficiency and flexibility compared to
conventional manufacturing, widespread commercialization of AM processes require the ability
to predict and control melt pool dimensions and solidification microstructure in terms of process
variables. Process maps have been developed to control melt pool dimensions through a wide
range of processing variables [5]. However, the ability to correctly deposit a part is not sufficient
if the microstructure and resulting mechanical properties of the completed part are not suitable
for the desired application [6]. Ti-6Al-4V is an attractive alloy for many aerospace and medical
applications. The mechanical properties of Ti-6Al-4V are dependent on the solidification
microstructure (grain size and morphology) [7,8], which is controlled by the thermal conditions

at the onset of solidification [9].

Process mapping is an approach that plots process outcomes as a function of key

identified primary process input variables. This approach allows for understanding and



expansion of processing space. The process mapping approach identifies five primary process
variables that are of greatest importance in any thermally based AM process. These process
parameters are heat source power, heat source travel velocity, material addition rate, background
or initial temperature of the part and part geometry. The effect of the primary process variables
on a specified process outcome is then presented in a two-dimensional plot of absorbed heat
source power (P) vs. heat source velocity (V) to create a P-V map [10,11,12,13]. The process
outcomes of interest in this study are the melt pool geometry and solidification microstructure.
Once the primary process variables are mapped, additional studies can be completed on the role

of any other secondary process variables that are identified [5].

In this work, the prediction and control of solidification microstructure in terms of
process variables in direct metal additive manufacturing is explored. Process maps are first
presented for single bead deposits in an electron beam wire feed system. Using a previously
developed solidification map for Ti-6Al-4V [14] and thermal conditions from analytical and
numerical models, the curves of constant cooling rate and the grain morphology boundaries are
plotted in power versus velocity space to create the P-V process map for solidification
microstructure of Ti-6Al-4V. The solidification microstructure process map is related to the
process map for controlling melt pool dimensions [15]. Experiments are used to assess the melt
pool area, beta grain size and morphology predictions. The work is then extended to encompass
additional geometries and types of AM processes. Results show that connections can be drawn
between the process maps for melt pool dimension and solidification microstructure control.
These results provide the potential for in situ microstructure control via direct observation and

control of melt pool dimensions.



1.1 Motivation and Applications

Additive manufacturing (AM) is an attractive process for aerospace applications. For
small batch production, AM incurs minimal initial cost compared to traditional manufacturing
processes such as casting. AM can also be used to decrease initial costs for large components
with detailed features [3]. Typically, an engine block is created through subtractive
manufacturing by forging a large block and then machining away material to form detailed
features. Significant machining of large forged components requires additional time, and creates
significant amounts of material waste. By using AM, a simple forging can be manufactured with
subsequent detailing done by adding material through additive manufacturing [16]. Additive
manufacturing can also be used for repair of cracks or worn components to extend the service

life of a part [17].

An example application of AM is the fuel nozzle in the General Electric (GE) Leading
Edge Aviation Propulsion (LEAP) engine. The redesigned fuel nozzle cannot be manufactured
using traditional methods; it can only be created by AM. The new design was able to combine
twenty parts into one, which reduced the complexity of the qualification process. The weight was
also reduced by 25% and the part is 5 times more durable, thus increasing the life of the
component. With 19 fuel nozzles per engine, GE Aviation proposes a weight reduction of up to

1000 pounds in a single engine through additive production [18].

Gas turbine engines components are a common aerospace application for Ti-6Al-4V,
though it is also used structurally for brackets, fittings, propulsion tubing lines and support tubes

[19]. Additive manufacturing of Ti-6Al-4V is also used in various medical and automotive



applications [20]. Medical applications include custom bone and joint implants. AM provides
the capability to mimic the stiffness of bone by tailoring material properties. This improves the

biocompatibility of the metal implants and improves the bonding between bone and implant [21].

1.2 Direct Metal Additive Manufacturing

Numerous specific processes fall under the blanket term additive manufacturing. Typical
power sources are either laser or electron beams. Added material can be fed in the form of a wire
or powder, or selectively melted from a bed of powder. Additive manufacturing can also refer to
polymer and ceramic manufacturing processes, however, results in this document are limited to
direct metal additive manufacturing. Direct metal additive manufacturing refers to any additive
manufacturing process depositing metallic material into a pool of molten material. Direct metal
additive manufacturing is divided into two main categories in which the four specific processes
discussed here fall: directed energy deposition (electron beam wire feed and laser beam powder
stream) and powder bed fusion (electron beam powder bed and laser beam powder bed) [22,23].
These process span from small scale to large-scale processes. The deposition rates for each
process are listed in Table 1.1 and a description of each process is included in the following
sections. This work focuses on the electron beam wire feed process and the electron beam
powder bed process, however the approach can be extended to all types of direct metal additive

manufacturing processes.



Process Deposition Rate (cm3/hr.)
Electron Beam Wire Feed 1138-2500 [24,25]

Laser Beam Powder Stream | 16-230 [26]

Electron Beam Powder Bed | 60-80 [27,28]

Laser Beam Powder Bed 4-35129,30,25]

Table 1.1: Deposition rates of direct metal additive manufacturing processes

1.2.1 Electron Beam Wire Fed Additive Manufacturing Process

The Electron Beam Freeform Fabrication (EBF’) system was developed by the National
Aeronautics and Space Administration (NASA) at Langley Research Center and is an example of
an electron beam wire fed process. The EBF’ process is a modified Sciaky machine [31]. The
EBF’ process uses an electron beam as the power source with a wire feed for depositing material,
similar to the welding process. The substrate moves under the beam at a specified direction and

velocity to create the shape of the part. The wire then moves up and the next layer is deposited

[3].

1.2.2 Laser Beam Powder Stream Process

Laser engineered net shaping (LENS™) is an example of a laser beam powder fed
additive manufacturing process. The LENS™ process was developed at Sandia National
Laboratories and was made commercially available by Optomec Design Company in 1997. The
LENS™ process begins with a laser beam creating a melt pool on the substrate and injecting

powder particles into the melted material [16,32].



1.2.3 Electron Beam Powder Bed Process

A powder bed AM process is one where a heat source melts powder particles within a
large bed of powder. An example of an electron beam powder bed process is the Arcam process.
This process starts with a bed of metal powder in a vacuum, and then uses an electron beam to
selectively melt the powder for the first layer of a part. The build platform then moves down the
amount of one layer thickness and a new layer of powder is spread across the top and this
process repeats to build the part through many layers. The bed of powder is held at an optimal
elevated temperature, depending on the material used, to reduce residual stresses, avoid
martensitic grain structures and to hold powder particles together when the high momentum

electron beam hits the bed [33,34].

1.2.4 Laser Beam Powder Bed Process

There are many different companies providing different types of laser powder bed
processes. However, they all deposit in a way similar to the electron beam powder bed process.
This process also begins with a bed of metal powder and then uses a laser beam to melt the
powder particles. The build platform then moves down a distance of one layer, and a new layer
of powder is spread across the top. This melting and spreading process repeats to builds the part

layer by layer. The process is performed in an inert gas environment [35].

1.3 Material

Many different materials can be used in AM processes. The material used in this research
is the titanium alloy Ti-6Al-4V, which consists of Titanium, 6% Aluminum, and 4% Vanadium.

6



Ti-6Al-4V is an attractive material for the aerospace industry because of its lightweight, high
strength properties, excellent behavior at high temperatures, corrosion resistance and composite
compatibility [36,37]. Out of the alpha-beta titanium alloys, Ti-6Al-4V has the best weldability,
making it an attractive material for AM. This is due to the fact that the more desirable
Widmanstétten structure is typically formed even at the relatively high cooling rates that occur
during the welding process. The alpha-prime martensite that forms at even higher cooling rates is
not as hard and brittle as in other titanium alloys [38]. Because Ti-6Al-4V is prone to hydrogen

embrittlement, AM of Ti-6Al-4V must be performed in a vacuum or inert gas environment [39].

Ti-6Al-4V is a two-phase, alpha-beta alloy where the V stabilizes the beta phase body
centered cubic (BCC) crystal structure, while the Al stabilizes the hexagonal close packed (HCP)
crystal structure of the alpha phase [40]. When cooling from above the melting temperature, a
beta grain structure begins forming once the melting temperature is reached. When the material
reaches the beta transus (1270 K), the alpha grains begin growing within the beta grains from the
grain boundaries. The cooling rate from the melting temperature (1893 K) determines the beta
grain size. Experiments in rapid solidification of Ti-6Al-4V have shown that the cooling rate at
the onset of solidification and the beta grain size are related by a power law relationship [41].
This relationship is similar to the relationship theoretically developed for aluminum [42]. The
alpha grain size and type can be determined by cooling rates at the beta transus temperature and
below [8]. The beta grain morphology of Ti-6Al-4V is determined by the solidification

parameters thermal gradient (G) and solidification rate (R) [9,14,43,44].

Many material properties, such as yield strength, are dominated by alpha grain size;

however, post process heat treatments are typically used to modify the alpha grain structure. Beta
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grain structure typically remains unchanged through traditional heat treatments, and is the
dominating factor for other mechanical properties, such as fatigue behavior [7,8]. Therefore it is
crucial to obtain suitable as deposited beta grain size and morphology. In this work, solidification

microstructure is used to refer to the beta grain size and morphology.

1.4 Solidification Microstructure

Solidification maps are used to predict the resulting microstructure based on the thermal
conditions at the onset of solidification. In directional cooling, a front of columnar grain growth
moves through the region as the liquid solidifies. Solidified columnar grains are elongated in
one direction, in contrast to equiaxed grains that have roughly the same dimension in all
directions. The designation of where the columnar to equiaxed transition (CET) occurs is based
on an analytical model developed by Hunt for steady state columnar and equiaxed growth. In
this model, the equiaxed grains are assumed to form due to heterogeneous nucleation in front of
the growth front and an analytical solution is used to examine the grain growth and the
interaction with the columnar growth front [45]. In order to have a CET, there must be active
nuclei ahead of the columnar front as well as thermal conditions that are favorable to equiaxed
growth. The undercooling in front of the columnar front is used to determine the competition
between the columnar and equiaxed grains. In castings, which have similar thermal conditions to
beam-based additive manufacturing, a lower cooling rate results in a lower thermal gradient. This
promotes more equiaxed growth ahead of the columnar front due to a larger undercooled region
[46]. Additional models have extended Hunt’s work to include a more recent dendritic growth
model and investigated the effect of nucleation undercooling temperature and the number of

nucleation sites on the CET [47].



The grain morphology curves for beam based manufacturing of Ti-6Al-4V are based on
the criterion set forth by Hunt and have been determined through experimental calibration by
Kobryn et al. The nucleation parameters were modified in order to fit the morphology region
boundaries to the observed microstructure [9]. The solidification map for Ti-6Al-4V is seen in
Figure 1.1. The y-axis is the variable G, which is the magnitude of the thermal gradient vector. R

is the solidification rate, which is on the x-axis. The solidification rate is defined as the cooling
. ] . - .
rate divided by G, R = éa—z The regions defined on the solidification map correspond to the

grain morphology: fully equiaxed, mixed or fully columnar.
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Figure 1.1: Solidification map for Ti-6Al-4V



1.5 Literature Review

In order to replace traditional manufacturing with additive manufacturing, comparable or
better than wrought mechanical properties must be obtained. Ti-6Al-4V produced by wire based
additive manufacturing has an ultimate tensile strength and strain at failure similar to cast
materials when subjected to static tension and high cycle fatigue testing. After heat treatment,
the properties are similar to that of wrought material [48,49]. The fatigue limits of additively
manufactured Ti-6Al-4V have also been shown to be comparable to cast and even wrought
materials [50,51,52]. Porosity in a part can cause a decrease in the mechanical properties of
parts produced by wire additive manufacturing. Elongated columnar beta grains typically formed
in additive manufacturing can cause anisotropic properties, reducing strength in certain

directions [53].

Characterization of the microstructure of a material can be used to draw conclusions
about the resulting mechanical properties [7,8]. Many in the material science and manufacturing
communities have explored the effect of processing on solidification microstructure produced by
additive manufacturing through experimentation and post process microscopy and mechanical
testing. The effect of build geometry on the beta grain structure and the texture of electron beam
melted Ti-6Al-4V showed that in a bulk section coarse columnar beta grains grow normal to the
deposited layers, while in a contour pass, curved columnar grains follow the melt pool surface
[54,55]. In selective laser melting, the elongated grains are also affected by the scanning strategy
and the part geometry [56]. The effect of melt scan rate shows that an increase in scan rate causes
an increase in o’- martensite and a resulting increase in microindentation hardness. Increasing

the melt scan rate also increases the potential for porosity caused by unmelted powder pockets
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[57]. The effect of distance from the build plate and part size in selective electron beam melting
shows that the distance from the build plate has no effect while the part size causes a variation of
less than 2% in ultimate tensile and yield strength. The effect of energy input, orientation and
location also showed small changes in strength, but orientation causes a large change in percent
elongation due to the orientation of the columnar beta grains [58,59]. Though significant insights
have been gained through post process experimental characterizations, the results are limited to
specific cases and developing trends through post process characterization of material requires

much iteration.

Beuth et al. have developed the approach of mapping process outcomes in terms of
process variables “process mapping” technique over many years. Process outcomes of interest
have included residual stress, melt pool geometry, and microstructure. Residual stress was
modeled and measured in both metal and polymer AM processes [60,61,62,63]. Process
mapping of the residual stress predicts changes in the final magnitudes of residual stress by using
a defined thermal gradient behind the melt pool in thermal simulations [64,65]. The control of
steady-state melt pool dimensions for the full range of the LENS® process was investigated by
plotting nondimensional melt pool size metrics [66,67,68,69,70,71]. The transient effects on the
melt pool geometry for the LENS® have also been investigated using process maps [72]. It has
been shown that the melt pool area response can be characterized by a combination of the initial
and final melt pool area sizes [73]. The process mapping of melt pool dimensions in steady state
has further been extended for the electron beam wire feed system [74]. Recent transient work

uses step changes in beam power and velocity to extend this approach to the electron beam wire
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feed process showing a similar relationship with melt pool response being related to the initial

and final melt pool depths [75].

Ultimately, the microstructure must be determined in terms of process variables in order
to control microstructure process relationships. Using analytical and finite element modeling,
trends in solidification microstructure can be illustrated using process maps [76,77]. Thermal
process maps have been developed for predicting trends in nondimensional thermal conditions
and solidification microstructure in terms of process variables for thin wall and bulky
geometries. It has been shown that size scale of the AM process has a significant effect on
solidification microstructure. At high powers a transition from columnar to equiaxed morphology
can occur [78,79,80,81]. For both thin wall and bulky parts, cellular automation modeling has
been used to predict the solidification microstructure. Modeling results agreed well with
experimental results from both small scale and large-scale beam based deposition processes [82].
A study on the effect of free-edges on melt pool geometry and solidification microstructure
showed that there is little effect when approaching an edge. However, there is a large effect when
leaving, especially in large power cases when there is a large trailing edge on the melt pool
[83,84]. The role of process variables on microstructure and mechanical properties has also been
investigated through experimentation and observation of solidification behavior [9,14]. These
works predict the microstructure in terms of the investigated process variables independently,
whereas it is important to understand the combined effect of important process variables when

expanding the processing space.

By determining solidification microstructure in terms of processing parameters, a

consistent and predictable microstructure can be obtained. Nickel super alloy applications benefit

12



from the ability to produce single crystals. Using laser cladding, it has been shown that by
controlling processing parameters a fully columnar structure can be obtained so the production of
single crystals is possible [85]. Processing-microstructure maps for single crystal deposition
have been obtained by using the relationships between local solidification conditions and the
resulting solidification microstructure. The local solidification conditions are determined using
an analytical heat flux model [86,87]. It is also suggested that for single crystal growth in super
alloys, control of the melt pool geometry in a laser glaze can produce a desired growth velocity

and microstructure [88].

Modeling methods used in this research have been used throughout the literature. A
method used for approximate modeling of a beam-based deposition process is the 3-D Rosenthal
solution for a moving point heat source [89]. Dykhuizen and Dobranich first applied the
Rosenthal solution to laser based deposition [90,91] and Vasinonta et al. [67] subsequently
determined the dimensionless form. Nonlinear finite element modeling of laser deposition
processes has also been used to predict steady state melt pool behavior as well as to establish the
utility of the Rosenthal solution for predicting trends in solidification microstructure

[78,79,80,81,76,77].

1.6 Contributions

In this work, a process mapping approach applicable to the building of 3-D shapes across
all direct metal AM processes is used to predict solidification microstructure in terms of two
primary process variables (beam power, P and velocity, V). First, the process map for

solidification microstructure is created for single bead deposits by an electron beam wire feed
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AM process. Solidification microstructure is predicted using the solidification map for Ti-6Al-
4V and the cooling rates and thermal gradients from analytical and finite element added material
models. The solidification data is used to determine curves of constant cooling rate and the grain
morphology boundaries in power versus velocity space, creating the P-V process map for
microstructure control. Solidification microstructure predictions are then related to the P-V
process map for controlling melt pool dimensions, and the ability for real time indirect
microstructure control through melt pool dimension control is explored [15]. Single bead deposit

experiments are quantified in order to verify predictions.

For a full understanding of the effect of process variables on the solidification
microstructure, additional deposit geometries and types of direct metal additive manufacturing
must be explored. The process mapping of solidification microstructure is extended to other
deposit geometries and other types of direct metal additive manufacturing processes. Depositing
a tall thin wall is investigated. The process maps for solidification microstructure are created for
both additional geometries and are compared to the process maps for melt pool dimension
control. The solidification microstructure process map for an electron beam powder bed process
is also developed. This process map is also compared to the process map for melt pool dimension

control. Further extensions of this work are discussed.

The main contributions of this work are:

1. The development of a process mapping approach for solidification microstructure control

in direct metal additive manufacturing.
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2. Integrated solidification microstructure and melt pool dimension control is identified for
single bead deposits in an electron beam wire feed process via process mapping.

3. Process mapping is used to extend the integrated control of solidification microstructure
and melt pool geometries to include the deposition of thin walls

4. Process maps have been developed to extend the integrated control of solidification
microstructure and melt pool geometries for an electron beam powder bed additive

manufacturing process.

1.7 Organization

This thesis is organized into 6 chapters. Chapter 1 includes an introduction of additive
manufacturing and motivation behind process mapping of solidification microstructure. A
literature review of prior and current work related to this dissertation is included. Chapter 2
introduces the process mapping approach for solidification microstructure. The solidification
microstructure process map for single bead deposits of Ti-6Al-4V in an electron beam wire feed
additive manufacturing process is given. This process map is related to the process map for melt
pool dimensions and the potential for integrated control of solidification microstructure and melt
pool dimensions is introduced. Chapter 3 presents the behavior of the thermal conditions at the
onset of solidification through the melt pool depth and how this relates to melt pool dimensions.

Chapter 4 extends the solidification microstructure process mapping approach to thin
wall geometries. The solidification microstructure process map for thin wall deposits of Ti-6Al-
4V is presented and is compared to the process map for melt pool dimensions. Thin wall
experiments for several powers and velocities with the same predicted melt pool area are
presented to assess the numerical predictions. Chapter 5 extends the integrated process mapping
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of solidification microstructure and melt pool dimensions to the electron beam powder bed
additive manufacturing process. Single bead no added powder and I-layer of powder
experiments are presented and compared to numerical predictions. The effect of adding powder
on solidification microstructure is also discussed.

Chapter 6 presents the major conclusions and contributions from this work.
Recommendations for future extensions of this work are presented. Additional experimental

images used for measurements are presented in the appendix.
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Chapter 2 Solidification = Microstructure Process
Mapping of Single Bead Deposits in Electron Beam

Wire Feed Systems

2.1 Chapter Overview

In direct metal additive manufacturing it is crucial to obtain a consistent solidification
microstructure with desirable mechanical properties. A solidification microstructure P-V process
mapping procedure is developed in this chapter for the electron beam wire feed AM system.
This process mapping approach is the foundation for the work in this thesis. Lines of constant
grain size and regions of grain morphology are plotted in P-V space. This process map illustrates
the effect of changing process variables on the solidification microstructure of the deposited

material.

The following section details the methods used in this research. Material added finite
element simulations and an analytical approximation are used to create a process map with
curves of constant cooling rate, which corresponds to curves of constant grain size for that point.
The boundaries between the columnar, mixed, and equiaxed regions of grain morphology are
also identified in P-V space for the point of lowest thermal gradient where the transition will first
take place. The result is the solidification microstructure process map for deposition of Ti-6Al-

4V in an electron beam wire feed process. The process map for solidification microstructure
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control is then compared to the previously developed melt pool dimension process map. This
comparison allows for real time control of solidification microstructure by controlling melt pool
dimensions. Single bead deposit experiments were performed and compared to the numerical
predictions to assess the solidification process mapping procedure and the connections between
microstructure and melt pool geometry. Qualitative comparisons are given in this chapter, with

further quantification shown in the following chapter.

2.2 Methods

2.2.1 Material Added Finite Element Model

Finite element simulations in the commercial program ABAQUS are used to model single
bead deposition and the addition of material by the wire feeder. The FEA model is based on the
model developed by Soylemez et al. [74]. The mesh is refined and the mesh biasing adjusted in

order to accurately extract the thermal conditions in a reasonable amount of computation time.

Because the deposition takes place in a vacuum, the 3-D models do not include
convective heat transfer on their vertical and top surfaces. The surface boundary conditions are
insulated. Currently, radiation from the surface is considered negligible [92]. The nodes have an
initial temperature of Ty=373 K and a constant temperature of Ty=373 K specified at the base to
simulate the ambient atmosphere and a ratio of added material to total material being melted of ¢
= 0.77. Eight-node, linear brick heat transfer elements are used throughout the model. In order to
reduce computation time, the model is biased to the region where the material is added. The

model takes advantage of the front face being a plane of symmetry with only half of the melt
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pool modeled, as seen in Figure 2.1. Temperature-dependent thermal properties and latent heat

are included.

Figure 2.1: Finite element mesh

Material is added ahead of the heat source at each step as the simulation progresses using
the model change command as seen in Figure 2.2. A uniform distributed heat flux is applied
along the top of the added bead to simulate rapid beam oscillation across the melt pool that is
used in the EBF3 process, which reduces the concentration of the heat on the surface. The melt
pool travels away from the edge until a steady state is reached and the data is collected. The
thermal gradient and cooling rate are obtained as the temperature changes from the liquid to the
solid range on the plane of symmetry along the trailing edge of the melt pool as seen in Figure

2.3.
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Figure 2.2: Material added to the model
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Figure 2.3: Side view along the melt pool boundary on the plane of symmetry
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2.2.2 Single Bead Deposit Experiments

Single bead deposit experiments were performed by the NASA Langley Research Center

in order to assess predictions. The NASA EBF’ system is an electron beam system with a wire

feed. The experiments performed were deposition of a single bead of Ti-6Al-4V onto a substrate

of the same material using various beam powers and velocities. Process variables were chosen

for cases with the same predicted melt pool area [74]. Three different areas were investigated and

are designated by color: Blue: 10.3mm” (0.016in”), Red: 20.6mm® (0.032in”), and Green:

41.2mm?* (0.064in%). The input parameters used in the experiments can be seen in Table 2.1. The

experimental plate showing the deposited beads can be seen in Figure 2.4.

Source Wire Feed | Wire Feed

Power | Absorbed | Velocity | Velocity Rate Rate
(W) |Power (W)| (in/min) [(mm/sec) | (in/min) (mm/sec)
1400 1250 16.1 6.8 63.3 27
1650 1500 21.5 9.1 85 36
2200 2000 319 13.5 125 53
3350 3000 52.0 22.0 162 69
4450 4000 68.3 28.9 204 86
5550 5000 85.0 36.0 335 142
1400 1250 5.7 2.4 44.8 19
1650 1500 8.3 3.5 64 27
2200 2000 13.9 5.9 108 46
2800 2500 19.2 8.1 150 63
3350 3000 23.6 10.0 184 78
4450 4000 32.8 13.9 256 108
5550 5000 42.5 18.0 334 141
1650 1500 2.2 0.9 35.4 15
2220 2000 5.2 2.2 81.9 35
3350 3000 10.9 4.6 171 72
5550 5000 19.4 8.2 306 130

Table 2.1: Electron beam wire feed experiment values
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Figure 2.4: Electron beam wire feed single bead experiment (a) plate 1 and (b) plate 2
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Sectioned specimens were mounted, polished and etched in order to observe the
solidification microstructure. The samples were polished and etched using the procedure outlined
in Appendix A. The mounted and polished samples can be seen in Figure 2.5. An example
micrograph showing the columnar and equiaxed beta grain structure is seen in Figure 2.6.

The beta grain size is measured using the intercept method to obtain the beta grain width
[93]. Because columnar grains are elongated in one direction, the grain width is chosen to
quantify in order to compare the size of a columnar grain to an equiaxed grain. The width of the
columnar grains is measured in the direction perpendicular to the elongated direction. A
horizontal line is drawn across the image and a point is counted for each grain boundary that is
crossed. A half point is counted for lines ending in the middle of a grain. Dividing the length of
the line by the number of points gives the average grain size. This process is repeated
throughout the sample and all lines are averaged. Measurements are taken on a two dimensional

cross-section and it is assumed that the grain width is the same in the third dimension.

Figure 2.5: Example cross-section samples
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Figure 2.6: Micrograph of melt pool cross section showing grain morphology

2.3 Results

2.3.1 P-V Process Map for Microstructure Control

Solidification maps predict microstructure in terms of thermal gradient and solidification
rate, but are difficult to use by process operators. Monitoring the cooling rates and thermal
gradients in situ is difficult and can only be observed on the surface, so it is rarely done. Even in
cases where monitoring of cooling rates and thermal gradients is practical, the solidification map

only provides results for individual values of G and R, and does not provide a guide to
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controlling solidification microstructure across process variables. Therefore, A P-V process map
for solidification microstructure has been developed in order to identify paths through or regions
of processing space with constant grain size and different grain morphologies. Absorbed power is
a function of the type of process and includes an experimentally determined parameter that
accounts for power losses between the power source and the material. For the electron beam
powder bed process a value of 0.9 is used as the absorptivity factor [74].

A P-V process map for solidification microstructure is created in order to identify paths
or regions of processing space with constant grain size and different grain morphologies. The
grain size and morphology data from the G vs. R plot of the solidification map for Ti-6Al-4V in
Figure 1.1 [9] is translated onto a plot of power versus velocity in Figure 2.7 using finite element
material added simulations. The curves of cooling rate represent doubling the cooling rate, with
the lowest cooling rate being on the left side. For one power and velocity combination, the
resulting thermal gradients and solidification rates span up to an order of magnitude each along
the solidification front. The results presented here are for the top of the melt pool, which is a
critical location, where the lowest gradients are present and the transition to a mixed or equiaxed
grain morphology will first take place. Therefore, power and velocity combinations yielding
thermal conditions for fully equiaxed grains at the top of the melt pool will generally still have
thermal conditions yielding columnar grains into the melt pool depth, yielding a deposit with a

mix of equiaxed and columnar grains.
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Figure 2.7: The process map for solidification microstructure control in the electron beam

wire feed process

The resulting P-V process map for controlling solidification microstructure for single
bead deposits of Ti-6Al-4V in an electron beam wire fed process shown in Figure 2.7 (for Ty =
373K and. ¢ = 0.77). The solid black lines in Figure 2.7 are curves of constant cooling rate. It is
possible to maintain a constant grain size while moving from low powers and low velocities, to
high powers and high velocities, if the identified path is followed. The dashed line represents the
boundary between fully columnar and mixed grain morphology. The boundary between mixed
and fully equiaxed grain morphology is the curved solid line. These curves define the boundaries

of three regions where columnar, mixed and equiaxed grain morphologies exist.
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2.3.2 Integrated Control of Microstructure and Melt Pool Dimensions

Currently, post processing and microscopy is required to observe the solidification
microstructure. Resent results by Fox [94] refines the work of Solyemez [74] to create the
process map for controlling melt pool area in electron beam wire feed additive manufacturing
processes. The previously developed process map for melt pool dimension control is shown in
Figure 2.8 [94]. This map is for the geometry of a single bead deposited in the middle of a large
part, with Ty = 373K and a ratio of added material to total material being melted of ¢ = 0.77.
Curves of constant melt pool cross sectional area (a melt pool size metric) as well as curves of
constant melt pool length to depth ratio (a melt pool shape metric) are plotted in Power vs.
Velocity (P-V) space. As indicated in Figure 2.8 the melt pool cross sectional area is the largest
melt pool area perpendicular to the travel velocity direction (defined as the x direction in this
paper). Melt pool length is the x distance between the location of maximum melt pool cross
sectional area and the trailing end of the melt pool. The depth is an effective depth, which is
determined from the cross sectional area making the assumption that the area is a semi-circle (the
actual depth could also be used, but use of an effective depth yields a direct link to melt pool
cross sectional area). By following curves of constant A or L/d, this P-V process map for melt
pool dimension control allows these quantities to be maintained across P and V values differing

by as much as a factor of 5.
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Figure 2.8: The process map for melt pool dimensions in the electron beam wire feed

process

When comparing the process map for solidification microstructure in Figure 2.7 to the
process map for melt pool dimensions in Figure 2.8, connections can be drawn between the two
process maps. The curves of constant grain size are similar to the curves of constant melt pool
cross sectional area, A. In other words, by controlling A (which can be related to melt pool width,
which is observable in real time during processing), a constant beta grain size is also maintained.
The grain morphology region boundaries are similar to curves of constant length-to-depth ratio.
The boundary represents the point where the morphology transition will first take place. As a
result, an operator can observe the aspect ratio of the melt pool and use that to infer grain

morphology.
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Melt pool size and shape cannot be independently controlled, with corresponding
consequences for microstructure control. While keeping the melt pool area constant and
increasing the deposition rate (by increasing P and V), the grain size will remain constant, but the
length to depth ratio will become larger and a transition to some equiaxed grains, and then more
equiaxed grains will occur. Integration of the solidification microstructure and melt pool
dimension process maps allows the ability to indirectly plan and control solidification
microstructure by controlling melt pool size and shape in real time. /n situ microstructure control
allows for the potential to tailor the microstructure and the resulting mechanical properties in
specific regions of a part build using direct metal AM, with substantially fewer trial and error

type tests.

2.3.3 Experimental Analysis

The grain morphology regions and curves of constant grain size are verified using single
bead deposit experiments performed by NASA Langley. As seen in Figure 2.9, clear evidence of
equiaxed grains is found in experiments within the predicted fully equiaxed region, with the
exception of the experimental cases with the smallest melt pool area. Micrographs moving from
low power to high power for the melt pool areas of 10.3mm” (0.016in?), 20.6mm? (0.032in”), and
41.2mm”* (0.064in%) are seen in Figure 2.10 a, b and ¢ respectively. In general, columnar beta
grains are observed, with more equiaxed grains present as the power is increased and the area
remains constant. It should be noted that the substate used in these experiments was a laminated
Ti-6Al-4V plate, yielding a layered appearance to the substrate in some of the micrographs.

Grain morphology behavior through the melt pool depth will be discussed further in Chapter 3.
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Figure 2.9: Identification of melt pools with equiaxed grains

Qualitative observations of Figure 2.10 indicate that the beta grain size remains constant
for power and velocity combinations with the same melt pool area. Furthermore, the micrographs
for different melt pool areas, which are scaled to make the melt pool areas roughly the same size
(though they differ over a factor of 4), also have beta grains that appear to be similarly sized.
This suggests that the beta grain sizes are scaling with the sizes of the melt pool areas. The beta
grain widths have been measured, and measurements have been averaged for cases with the same
melt pool area. The average beta grain width is plotted against the average experimentally
measured effective melt pool width in Figure 2.11 with error bars showing the full range of

measured results. The data points tend to fall on a straight line, indicating a constant ratio of beta
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grain width to effective melt pool width. In all experimental cases, approximately 20 beta grains
are seen across the melt pool width.
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Figure 2.10: Solidification microstructure for melt pool cross sectional areas (a)

0.016in%*/10.3mm? (b) 0.032in*/20.6mm’ and (c) 0.064in*/41.2mm*
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Figure 2.11: Beta grain size scaling with melt pool width

2.4 Chapter Summary

Part and process qualification is an important concern within the AM field. This chapter
gives related insight into regions of processing space that can produce desired solidification
microstructures. A P-V process map has been created for single bead deposition of Ti-6Al-4V,
which predicts solidification microstructure in terms of process variables. Curves of constant
beta grain size and regions of grain morphology are identified in beam power versus velocity

space.
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Comparing the microstructure process map to the process map for controlling melt pool
dimensions exposes relationships that can potentially be used to indirectly control solidification
microstructure through melt pool dimension control. Results demonstrate that a constant melt
pool cross sectional area results in a constant grain size throughout processing space for the
electron beam wire feed process. Similarly, monitoring the melt pool length to depth ratio can be
used to control the grain morphology. Experimental results support the numerical predictions.
Along a line of constant area, increased power results in an increase in the population of
equiaxed grains with a constant grain size. Additionally, increasing the melt pool area increases

the grain size.
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Chapter 3 Thermal Behavior Through the Melt Pool

Depth

3.1 Chapter Overview

The solidification microstructure process map and the integrated control of solidification
microstructure and melt pool geometry present valuable insight for process development.
However, the results presented are for one point in the melt pool, and do not tell the whole story.
Results shown in Chapter 2 for grain size and morphology are for the top of the melt pool
contour, where thermal gradients are the lowest and morphology transitions will first take place,

but the thermal conditions span a large range through the depth of the melt pool.

This chapter will investigate the behavior of the thermal conditions through the depth of
the melt pool, which will give insight into the consistency of the microstructure across the entire
melt pool cross section. Trends in thermal conditions are developed using material added finite
element simulations and an analytical approximation fitted to the numerical solution. The
cooling rate, magnitude of the thermal gradient, and the individual components of the thermal

gradient are investigated.
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3.2 Methods

3.2.1 Material Added Finite Element Models

The material added finite element models outlined in Chapter 2 are also used in this
chapter. The finite element models take a significant amount of time to complete when using the
high mesh resolution needed in order to accurately capture the thermal conditions through the
depth of the melt pool. For this chapter, the finite element simulations are used to fit an analytical
approximation, which is outlined in the following section. This allows for the development of

trends in the thermal conditions at a higher resolution through the depth of the material.

3.2.2 Analytical Approximation

The 3-D Rosenthal closed form solution is used to guide the finite element modeling. The
Rosenthal solution gives the temperature field around a moving point heat source. The finite
element models are used to fit the constant material properties of the Rosenthal solution to
accurately predict the desired quantity, which in this case is the solidification microstructure. The
Rosenthal solution assumes a point heat source, with no material added, constant material
properties and no latent heat. This study considers the bulky 3-D geometry of Figure 3.1, in
which the process variables of interest are the absorbed beam power aQ and velocity V. It is
assumed that the height h, length L and width b are sufficiently large such that the steady-state

Rosenthal solution for a moving point source of heat applies.
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Figure 3.1: 3D Rosenthal geometry

Relative to the position of the point heat source, the nondimensional temperature field is

given by Vasinonta et al. [71] as,

—(70+ /7(2,+7(2)+2(2,)
e
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The dimensionless variables of the temperature equation are defined in terms of the process

parameters and thermal properties as,
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In the above normalizations, T is the temperature at a location (X, yo ,Zo) relative to the moving
point heat source and Ty is the initial temperature of the wall. The relative coordinates (Xo, Yo ,Zo)
are related to fixed spatial coordinates (X,y,z) at any time t as (Xo, Yo ,Zo) =(x-Vt,y,z), where V is
the velocity of the beam. The thermal properties p, ¢ and k are the density, specific heat and
thermal conductivity of the material respectively, which are assumed to be temperature-
independent. aQ is the absorbed power of the heat source. The melt pool is assumed to be
symmetric so yo is set to 0 when analyzing the thermal conditions.

The solidification microstructure of deposited metals depends on cooling rates and
thermal gradients at the onset of solidification (i.e., along the trailing edge of the melt pool). The
trailing edge of the melt pool is where solidification occurs. In the Rosenthal solution, 7, is set

equal to the melting temperature of the material and nondimensionalized as
— T —T
Tm = a(;n pcOV .
(o) (5%)
Expressions for the dimensionless cooling rate and thermal gradient can be obtained by

analytical differentiation of equation 1. The cooling rate is given as

_ —{@-D+ /(7—E)Z+72+22}
aT e { 070 (-1 (x-1)

== 1+ + = —— (3.2)
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The thermal gradient is defined as
=2 =2 =2
=T oT oT oT
= |Gs) + &) +GE) G-3)

where the x, y and z derivatives are given as,

37



oF /R

X0 X0
- = 1+ +
Cr =2 2 ;2
Mo o [R4R+3 ( .fg+_f(2)+z(2)> (% + 56 +20)
3.4)
— Xo+ /72+72+22}
6T_%e{o °°°1+ 1
ayo  2(x3+y3+z2) e
Xo+y5+z5
(3.5)
and

{%+ /fgwgﬁg} .
14—
(FHyezd (3.6)

As discussed by Bontha [78], the dimensionless cooling rate and thermal gradient can be

ﬁ _ Z_Oe
0z 2(x3+y3+25)

dimensionalized using

T () ()5 6)
and

|VT| = (p%)z (%) |VT|. (3.8)
3.3 Results

This section explores the behavior of the cooling rate the thermal gradient through the
depth of the melt pool. These thermal conditions are plotted for low, medium and high power and
velocity cases used in the single bead deposit experiments outlined in Chapter 1. In this section,
blue, red and green correspond to experimental cases along the curves of constant melt pool

areas 10.3mm? (0.016in%), 20.6mm? (0.032in?), and 41.2mm? (0.064in”) respectively. The thermal
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conditions through the depth of the melt pool are explored for the experimental cases of Power=
1500, 3000, and 5000 Watts on each of the predicted constant area curves. The experimental
micrographs of the single bead deposits are quantified. The melt pool cross sectional area is
measured and the beta grain size and morphology are measured using standard stereology

procedures.

3.3.1 Effect of Bead Geometry

In the finite element models, the bead of added material is approximated as a rectangle.
The actual deposited bead is a rounded shape. The difference between the thermal conditions
along the solidification front of a rectangular bead finite element simulation and a simulation
with no material added is shown in Figure 3.2. The cooling rate differs by almost a factor of two
between the added and no added material simulations. A rounded bead would fall somewhere
between these two cases. It is important to note that the cooling rates reported here are for an
approximated bead shape and may differ from the actual experimental cooling rates, however,

the trends are the same.
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Figure 3.2: Solidification map showing effect of bead geometry

3.3.2 Cooling Rate

In chapter 2, the curves of constant cooling rate were given in P-V process space. These
values are for the top of the melt pool contour only. Because the cooling rate varies through the
melt pool depth, this section will explore whether the curves of constant cooling rate remain
similar to the curves of constant melt pool area at other portions in the melt pool depth. The
cooling rate versus the normalized melt pool depth is seen in Figure 3.3. The melt pool depth is

normalized to have a maximum depth of 1, for comparison of melt pools with different depths.
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The cooling rate decreases through the melt pool depth and will theoretically reach zero
for an instant at the very bottom when the transition from melting on the leading edge of the melt
pool to solidification on the trailing edge of the melt pool occurs. However, the cooling rate
remains relatively constant through the melt pool depth, and does not begin to decrease until
after half way through the depth of the melt pool. The behavior of the cooling rate through the
depth of the melt pool is similar for cases with different powers when the cross sectional area is
the same. Though the lines group by area, in the 1500W cases for all areas the cooling rate is
lower than the higher power cases seen in Figure 3.3. At lower powers the curves of constant
area are no longer the curves of constant grain size. The average grains size is expected to
increase as the power is decreased to 1500 W and below for cases with a constant area melt pool
area. The higher power cases on the blue line switch positions because different fitting

parameters were used in the low and high velocity cases when planning the experiments.
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Figure 3.3: Cooling rate versus melt pool depth

3.3.3 Thermal Gradient

The thermal gradient is a dominating factor in determining the beta grain morphology. In
Chapter 2, the grain morphology boundaries were given for the point of lowest thermal gradient
where the grain morphologies take place. However, the thermal gradient spans a large range
through the depth of the melt pool. An inconsistent microstructure is produced when both

columnar and equiaxed microstructures are present through a single melt pool depth.
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Figure 3.4: Magnitude of the thermal gradient through the melt pool depth

In Figure 3.4, the magnitude of the thermal gradient is plotted through the melt pool

depth using the fitted analytical approximation. At the top of the melt pool (normalized depth=0)

the thermal gradient is grouped by beam power. For example, all of the 1500W cases have the

same thermal gradient value at that point. At the bottom of the melt pool (normalized depth=1),

the thermal gradient groups by melt pool area (green, red and blue).

To investigate the behavior of the magnitude of the thermal gradient, the thermal gradient

is split into its individual components. Directions are taken to be consistent with those used for

the Rosenthal solution. Results are investigated along the plane of y=0, with y being the direction
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perpendicular to the travel direction on the top surface. The thermal gradient in the y-direction on
this plane is zero. The z-direction is perpendicular to the travel direction through the melt pool

depth. The x-direction is parallel to the travel direction.

The curves of thermal gradient in the x-direction group by beam power, as seen in Figure
3.5. The curves are fairly constant through the depth until the curves approach the maximum
depth (normalized depth =1), where the x-gradient goes to zero. As seen in Figure 3.6, the
thermal gradient in the z-direction is zero at the top of the melt pool contour and rapidly
increases through the depth. At the top of the melt pool contour, the x-gradient is the dominating
portion of the magnitude, therefore the magnitude groups by power at this point. Because the z-
component of the gradient is so much larger than the x-component, the z-component quickly

begins to dominate and the overall solidification is directional in the z-direction.
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Figure 3.5: Thermal gradient in the x-direction through the melt pool depth

45



Z-Thermal Gradient (K/m)

1000000

900000

800000

700000

600000

500000

400000

300000

200000

100000

0

A=0.0161n?
(10.3mm?)

A=0.032in?
(20.6mm?)

A=0.064in?
(41.2mm?)

0 0.2 0.4 0.6 0.8 1
Normalized Melt Pool Depth

Figure 3.6: Thermal gradient in the z-direction through the melt pool depth
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3.3.3.1 Effect on Grain Morphology

Due to the large variation in thermal gradient through the depth of the melt pool, one melt
pool cross section can span both the columnar and equiaxed regions. In Chapter 2 the grain
morphology region boundaries are presented for the top of the melt pool where the transition to
equiaxed morphology will first take place. Figure 3.7 presents the mixed to equiaxed grain
morpholology boundary, from the solidification map of Figure 1.1, for different percentages of
depth through the melt pool where Top represents the 0% boundary. Within the range for the
electron beam wire feed process, it is not possible to obtain more than 30% equiaxed grains in
the melt pool cross section. The 40% equiaxed grains curve is outside the electron beam wire
feed processing space. This plot suggests that, in general, increasing the power will increase the
amount of equiaxed grains in a melt pool. However, only equiaxed grains cannot be obtained.
This means that in order to obtain a consistent microstructure (not a mix of columnar and

equiaxed), the processing variables must be in the columnar region.
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Figure 3.7: Equiaxed morphology boundaries through the melt pool depth

3.4 Chapter Summary

In this chapter, the thermal conditions at the onset of solidification for cases of constant
melt pool area are investigated through the depth of the melt pool. The cooling rate remains
relatively constant through the melt pool depth, with a decrease in cooling rate at the bottom of
the melted region. Also, for cases of constant melt pool area, the cooling rate (grain size) remains

constant for the medium and high power cases. For the low power cases, the cooling rate
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decreases. If the melt pool area is held constant, the grain size will remain constant until the

power is decreased to ~1500W and below.

The magnitude of the thermal gradient groups by power at the top of the melt pool
contour, because the gradient in the x-direction is dominating and the z-gradient is zero. The z-
gradient quickly increases and begins to dominate as the depth increases. At the bottom of the
melt pool, the magnitude of the gradient groups by melt pool area. Because the z-gradient is
much larger than the x-gradient, there is directional solidification in the z-direction. The large
span of thermal gradient values result in multiple grain morphologies within a single melt pool
cross-section. Within the electron beam wire feed range, up to around 30% of the melt pool will
have equiaxed morphology and the rest is columnar. This inconsistency in microstructure can

make design difficult due to inconsistency determining mechanical properties.
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Chapter 4 Process Mapping of Solidification
Microstructure for Deposition of a Thin Wall in

Electron Beam Wire Feed Systems

4.1 Chapter Overview

Depositing of an entire part can be broken down into a combination of different
geometries. The previous chapters show that indirect microstructure (prior beta grain size and
morphology) control is possible through direct melt pool dimension control in single bead
deposits of Ti-6Al-4V. In this topic, the connection between microstructure and melt pool

dimensions is explored for the deposition of a tall thin wall.

This chapter focuses on a tall, thin wall where steady state conditions are reached and the
substrate material has no effect on the thermal conditions. Finite element modeling and a 2D
analytical approximation is used to create the process map for controlling solidification
microstructure in tall thin wall deposits. The solidification microstructure process map is then
compared to the process map for controlling melt pool dimensions. Comparison of the two
process maps shows that integrated control of solidification microstructure and melt pool
dimensions can be extended to thin wall geometries. By controlling melt pool area, a constant
grain size is also maintained. Select experiments are presented in order to assess the numerical

predictions.
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4.2 Methods

4.2.1 Finite Element Model

The deposition of a tall, thin wall is modeled using 2D finite element simulations,
performed in the commercial program ABAQUS. Because the deposition takes place in a
vacuum, the model does not include convective heat transfer. The nodes have an initial
temperature and a constant temperature specified at the base of Ty=293 K to simulate the
ambient temperatures in deposition experiments. A distributed heat flux is applied to the side of
each element traveling across the top of the model to simulate the velocity of the beam. Four
node, linear heat transfer elements are used throughout the model and temperature dependent
material properties and latent heat are included. In order to reduce computation time, the model
is biased to the region where the heat flux is applied. The model also does not model the addition
of new material with beam travel (which also reduces computational time) but the effects of
added material on the thermal problem are expected to be very small for this geometry. The 2D
mesh can be seen in Figure 4.1. The melt pool area is determined by multiplying the wall
thickness ¢ by the maximum depth d with t/d=1.95 in each of the models (also consistent with
experimental observations). The cooling rate and thermal gradient are extracted along the
solidification front using the same method as outlined in Chapter 2. Temperature-dependent

thermal properties and latent heat are included in the model.
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Figure 4.1: 2D finite element mesh

4.2.2 Analytical Approximation

The 2D Rosenthal closed form solution is used to guide the finite element modeling. The
Rosenthal solution gives the temperature field around a moving point heat source. The finite
element models are used to fit the constant material properties of the Rosenthal solution, using
the same procedure as in Chapter 3, to accurately predict the desired quantity, which in this case

is the solidification microstructure. The Rosenthal solution assumes a point heat source, with no
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material added, constant material properties and no latent heat. This study considers the 2D thin
wall geometry of Figure 4.2, in which the process variables of interest are the absorbed beam
power aQ and velocity V. It is assumed that the height h and length L are sufficiently large such

that the steady-state Rosenthal solution for a moving point source of heat applies.

\Y
o —

Figure 4.2: 2D Rosenthal geometry

Relative to the position of the point heat source, the nondimensional temperature field is

given by Vasinonta et al. [71] as,

T = e ™K, (\/fg + z-g). (4.1)

53



The dimensionless variables of the temperature equation are defined in terms of the process

parameters and thermal properties as,

— X —
= ,7Zy = and T =
/pcV

T—T,

aQ/nkb

B 2k/ pcv
In the above normalizations, T is the temperature at a location (xo, zo) relative to the moving
point heat source and T is the initial temperature of the wall. The relative coordinates (xo, zo) are
related to fixed spatial coordinates (X, z) at any time t as (Xo, zo) =(x-Vt,z), where V is the
velocity of the beam. The thermal properties p, ¢ and k are the density, specific heat and thermal
conductivity of the material respectively, which are assumed to be temperature-independent. aQ
is the absorbed power of the heat source.

The solidification microstructure of deposited metals depends on cooling rates and
thermal gradients at the onset of solidification on the trailing edge of the melt pool. The trailing

edge of the melt pool is where solidification occurs. In the Rosenthal solution, 7,, is set equal to

the melting temperature of the material and non-dimensionalized as

T, -1,
aQ
kb

T -

Expressions for the dimensionless cooling rate and thermal gradient can be obtained by

analytical differentiation of equation 1. The cooling rate is given as,

T —(x-T) (x -
Z e — e KGE-TY+)+K,E-T) +7])
It 1/(x—t) +‘2 (4.2)

QW

The thermal gradient is defined as
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As discussed by Bontha [78], the dimensionless cooling rate and thermal gradient can be

dimensionalized using
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4.2.3 Thin Wall Experiments

Tall thin wall deposit experiments were performed at NASA Langley Research Center in
order to assess the numerical predictions. The NASA EBF’ system is an electron beam system
with a wire feed. The experiments performed were deposition of Ti-6Al-4V onto the side of a

substrate plate of the same material, representing a tall thin wall, using various beam powers and
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velocities. A schematic of the experiment set up can be seen in Figure 4.3. Four Ti-6Al-4V plates
are clamped together with a clamp on either end with aluminum spacers in between the Ti-6Al-
4V plates. A plate of aluminum is mounted under the samples in order to protect the build plate
in case the work piece shifts. Toe clamps that are mounted to the table are used in order to hold

the assembly to the table so the work piece does not move.

The origin is specified at the bottom left corner of the first experiment plate. The distance
of each power and velocity combination is at least 3 melt pool lengths, in order to ensure that a
steady state has been reached. Each bead has one inch on the edge of the plate in order to
eliminate the effect of the edges. Process variables were chosen for cases with the same predicted
melt pool area. Due to limited availability of plate thicknesses, a standard plate thickness of
0.25” is chosen for an area of 20.6mm? (0.032in?). This is the area that is referred to as the red
area in the single bead analysis. Samples are sectioned using a water jet cutter and are seen in

Figure 4.5.
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Figure 4.3: Experimental set-up schematic
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Figure 4.5: Sectioning of experiments

58



Absorbed Source Velocity Wire Feed .Wire
Power W)| TOV" |(in/miny| R2t¢ | Diameter
W) (in/min) (in)
Name
Wall 1
R1 1000 1111 8.8 51.8 0.063
R5 5000 5556 52.7 310.3 0.063
Wall 2
R2 2000 2222 20.0 117.8 0.063
R4 4000 4444 41.9 246.7 0.063
Wall 3
R3 [ 3000 | 3333 | 31.0 | 1826 | 0.063

Table 4.1: Thin wall experiment processing parameters

Bead
Length for Bead
steady | Sample | Bead Start End
Name state (in) | Position | Coordinates | Coordinates
Wall 1
R1 2 B (0.125, 1) (0.125, 3)
R5 7 A (0.125, 4) (0.125, 11)
Wall 2
R2 3 D (2.375, 1) (2.375, 4)
R4 6 C (2.375, 5) (2.375, 11)
Wall 3
R3 | 5 | F | @625 1) | (462506

Table 4.2: Thin wall experiment locations

Sectioned specimens were mounted in resin using 1.5” diameter molds, polished and
etched in order to observe the solidification microstructure. The samples were polished using the

procedure outlined in Appendix A. The mounted and polished samples can be seen in Figure 4.6.
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Figure 4.6: Mounted, polished and etched thin wall samples

4.3 Results

4.3.1 Solidification Microstructure Process Map for Thin Wall Geometries

A P-V process map for solidification microstructure in thin wall deposits is created in
order to identify paths or regions of processing space with constant grain size and different grain
morphologies. The paths of constant cooling rate are identified using 2D finite element
simulations. The curves of cooling rate represent different cooling rate, with successive doubling
of the cooling rate with the lowest being on the left side. The morphology data from the G vs. R
plot of the solidification map for Ti-6Al-4V in Figure 1.1 [9] is translated onto a plot of power
versus velocity in using the fitted analytical approximation seen in Figure 4.7. The results
presented here are for the top of the melt pool, which is a critical location, where the lowest
gradients are present and the transition to a mixed or equiaxed grain morphology will first take

place. Results indicate that all cases for the thin wall deposits will have some equiaxed grains.
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Figure 4.7: Solidification microstructure process map for deposition of thin wall geometries

of Ti-6A1-4V

The resulting P-V process map for controlling solidification microstructure for thin wall
deposits of Ti-6Al-4V in an electron beam wire feed process shown in Figure 4.7 (for To= 298 K
and wall thickness/depth= 1.95). The solid black lines in Figure 4.7 are curves of constant
cooling rate, which are nearly linear in P-V space. It is possible to maintain a constant grain size
while moving from low powers and low velocities, to high powers and high velocities, if the
identified path is followed. The boundary between mixed and fully equiaxed grain morphology is

the curved solid line. This curves defines the boundary of the regions where mixed and equiaxed
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grain morphologies exist. The boundary between the columnar and mixed regions is not shown
because it is below the mixed to equiaxed boundary and is outside the parameters for this

process.

4.3.1.1 Integrated Control of Solidification Microstructure and Melt Pool Dimensions

Resent results by Fox [94], creates the process map for controlling melt pool area in thin
wall deposits in the electron beam wire feed additive manufacturing processes. The process map
for melt pool dimension control is shown in Figure 4.8 [94]. This map is for the geometry of a
tall thin wall, with Ty = 298K and a ratio of wall thickness to depth=1.95. Curves of constant
melt pool cross sectional area (a melt pool size metric) as well as curves of constant melt pool
length to depth ratio (a melt pool shape metric) are plotted in P-V space. The thin wall area is
calculated as a rectangle by multiplying the maximum depth by the wall width by the specified
melt pool width for cases when the ratio of t/d=1.95 is obtained. The length is the distance
behind the maximum melt pool depth to the end of the melted region. By following curves of
constant area or L/d, this P-V process map for melt pool dimension control allows these

quantities to be maintained across P and V values differing by as much as a factor of 5.
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Figure 4.8: Melt pool dimensions process map for thin wall deposits

When comparing the thin wall process map for solidification microstructure in Figure 4.7
to the process map for melt pool dimensions in Figure 4.8, connections can be drawn between
the two process maps similar to those seen for the single bead deposits. The curves of constant
grain size are similar to the curves of constant melt pool cross sectional area, A. In other words,
by controlling A (which can be related to melt pool width, which is observable in real time
during processing), a constant beta grain size is also maintained. The relationship seems to

deviate at the lower powers. At the lowest power, the area corresponding the constant cooling
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rate is approximately double that of the higher power. The grain morphology region boundary is
below the process variables investigated, so it cannot be compared to the melt pool metrics.
Integration of the solidification microstructure and melt pool dimension process maps
allows the ability to indirectly plan and control solidification microstructure by controlling melt
pool size and shape in real time. Results show that this can be accomplished for both thin walls

and single bead deposits.

4.3.2 Experimental Results

Thin wall deposits experiments with P-V combinations along the red line of constant area
were performed in order to investigate the grain size and melt pool area relationship.
Micrographs of the polished and etched thin wall samples are seen in Figure 4.9. The experiment
performed for P=1000 W did not turn out well. The wire being fed into the melt pool was
walking from side to side and there are portions of unmelted wire next to the bead seen in Figure
4.10. Following the recommendation of researchers at NASA Langley, an additional test was
performed reducing the wire feed rate by 20% and that bead is seen in Figure 4.11. The quality of
the bead is improved, and all wire is melted. This indicates that at low powers the melted
material to added material ratio needs to be adjusted. Depositing the material directly on the
center of the thin wall is a challenge. It is evident in the micrographs that the heat was not
applied directly to the middle of the wall because the melt pools are not symmetric. Seen in

Figure 4.9 (c), this case is very off center.

The numerical predictions show that significant equiaxed grains should be present within

the melt pool. Qualitatively, it can be seen that there are equiaxed grains present in all melt pools.
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There does not seem to any correlation with increased presence of equiaxed grains with an
increase in power, as was seen in the single bead deposits. There are two experimental cases with
significant columnar grains seen in Figure 4.9 (a) and (c), which is likely due the experimental
errors of unmelted wire and depositing off center. Results indicate that a fully equiaxed grain

structure can be obtained in deposition of a tall thin wall.
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1500 um .

Figure 4.9: Thin wall experiment micrographs for P (W) ,V (in/min) combinations: (a)
1000, 8.8, (b) 2000, 20, (c) 3000, 31, (d) 4000, 41.9, (e) 5000, 104.9 and (f) 1000, 8.8 with a

reduced wire feed rate
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Figure 4.10: Thin wall P=1000 W original experimental bead

Figure 4.11: Thin wall P=1000 W reduced wire feed rate experimental bead
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The melt pool area was measured using the same procedure as in Chapter 3, and the
measurements are shown in Figure 4.12. The predicted melt pool area is 0.032 in”. The measured
melt pool area is relatively constant, and is close to the predicted value. There seems to be a
trend of increasing area with increasing power, however additional experiments are needed to

confirm a correlation.
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Figure 4.12: Thin wall experimental melt pool area
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The beta grain widths are measured using the intercept method, which is the method used
in Chapter 2. The grain size remains relatively constant for all experimental cases. This result

shows that by maintaining a constant melt pool area, a constant grain size can be achieved.
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Figure 4.13: Thin wall experimental beta grain width measurements
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4.4 Discussion: Single Bead and Thin Wall Integrated Control of

Solidification Microstructure and Melt Pool Dimensions

In Chapter 2 it was shown that for single bead deposits onto large substrates Ti-6Al-4V
beta grain width scales with the melt pool width. Figure 4.14 combines results from Chapter 2
(single beads) with those from this chapter (thin walls), plotting average beta grain width versus
the effective melt pool width. Note that the effective melt pool widths are calculated differently
for thin walls and single beads as outlined in their respective sections. This result shows that by
maintaining a constant melt pool width, a constant grain size can be achieved for both single
beads and thin walls with a scaling factor of ~20 grains per melt pool width.

These findings have significant implications for AM process control, where imaging from
above of maximum melt pool widths can be part of a real-time control system. What this
research has shown is that such a system can be used not only as a means for direct control of
melt pool size, but also as a means for indirect real-time control of beta grain widths. Beta grain
widths have been shown to be approximately 1/20™ of maximum melt pool widths across two
geometries. Also, those two geometries represent extreme cases for constraint on conduction
into the substrate (single beads are least constrained, single pass thin walls are most constrained).
This suggests the possibility of a geometry-independent relationship between maximum melt
pool width and beta grain width for this process.

This result and the earlier results for melt pool geometry also suggest an overall strategy
for controlling both melt pool geometry and beta grain width across geometries. In transitioning
between geometries, beam powers and travel speeds must be adjusted to maintain a constant melt

pool size (maximum cross-sectional area or width) and shape (L/d). P-V process maps for these
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quantities for each geometry can be used to determine the adjustments needed and changing both
P and V allows for both melt pool size and melt pool shape to be controlled. However, once melt

pool size is controlled, beta grain size is also controlled due to links between the two.
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Figure 4.14: Comparison of single bead and thin wall grains per melt pool width
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4.5 Chapter Summary

A P-V process map has been created for solidification microstructure control for thin wall
depositions of Ti-6Al-4V using the electron beam wire feed process. Curves of constant beta
grain size and regions of grain morphology are identified in beam power versus velocity space.
Comparing the microstructure process map to the process map for controlling melt pool
dimensions shows that a constant melt pool cross-sectional area results in a constant
solidification cooling rate and therefore a constant beta grain size. Experimental results show that
along a line of constant area a constant beta grain width is maintained. By comparing the beta
grain width to the effective melt pool width for thin walls to that of single beads, it is seen that a
scaling factor of ~20 grains per width is seen for both geometries. Also, there is evidence of
equiaxed grains being present in all experimental cases, consistent with predictions from the
simulations. Thin wall experiments for additional melt pool areas need to be performed in order
to validate the relationship.

Results across two extreme cases of geometric constraint on conduction into the substrate
suggest controlling melt pool width could be a geometry-independent means for indirectly
controlling solidification microstructure. A control strategy for both melt pool geometry and
microstructure also emerges. In transitioning between deposition geometries, beam power and
velocity must be changed to maintain melt pool size and shape. However, once the melt pool size
is maintained, beta grain size is also maintained, yielding consistent melt pool sizes, shapes and

beta grain widths via a single control strategy.
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Chapter 5 Process Mapping of Solidification
Microstructure for Single Bead Deposits in the

Electron Beam Powder Bed Process

5.1 Chapter Overview

The term “additive manufacturing” spans a variety of processes. As discussed in Chapter
1, the major direct metal AM processes can be split into four types: wire feed electron beam,
electron beam powder bed, laser beam powder stream and laser beam powder bed. Each type of
process works in a different area of processing space (different ranges of power and velocity) [5].
Results presented thus far are for the wire feed electron beam process. In this chapter, the process
mapping of melt pool dimensions and solidification microstructure used for the electron beam
wire feed process will be extended to the electron beam powder bed process. The paths of
constant cooling rate in this region of processing space will be determined using finite element
modeling and compared to the curves of constant melt pool dimensions. No added material and
I-layer of powder single pass experiments are analyzed for both melt pool dimensions and

solidification microstructure.
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5.2 Methods

5.2.1 Finite Element Analysis

The finite element model previously used to model the electron beam wire feed process is
modified for the electron beam powder bed system and the modified version is seen in Figure
5.1. This model does not currently include the addition of powder, so no material is being added
to the model. The applied heat flux is distributed over a specified width to simulate the spot size
of the electron beam. Because the deposition takes place in a vacuum, the 3-D model does not
include convective heat transfer the surfaces of the model. The problem is conduction
dominated, so radiation is currently not being modeled. The nodes have an initial temperature of
973 K to simulate the preheating of the powder bed in the process. Eight-noded, linear brick
elements are used throughout the model. The model is biased to the region where the data is
being collected in order to reduce computation time. The height and width are chosen to be
sufficiently large so there is no effect of the edges on the heat transfer. Temperature-dependent
properties and latent heat are included to capture the nonlinear effects during solidification. The
thermal gradients and cooling rates are extracted as the temperature changes from liquid to solid

along the trailing edge of the melt pool.
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Figure 5.1: No added material FEA model for the electron beam powder bed process

5.2.2 Experiments

Two rounds of single pass Ti-6Al-4V deposition experiments for several power and
velocity combinations were performed by North Carolina State University on the Arcam additive
manufacturing machine. The first set of experiments did not add powder and was only “beam on

plate.” The second round of experiments included the addition of one layer of powder.

The plates are sectioned polished and etched to observe the melted boundary and the

solidification microstructure. Images of the melt pool cross-sections and the top view of the
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experiment plates are provided by collaborators at North Carolina State University. The top view
micrograph can be seen in Figure 5.4. The melt pool area, melt pool width and beta grain size
(grain width) are measured using Image J analysis program and the procedure that was outlined

of the no powder and 1-layer of powder cases are seen in Figure 5.2 and Figure 5.3. A sample

in Chapter 3.
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5.3 Modeling Results

5.3.1 Process Map for Solidification Microstructure Control in Electron Beam

Powder Bed Processes

The P-V process map for solidification microstructure in the electron beam powder bed
process is created in order to identify paths in processing space with a constant cooling rate and
as well as regions of grain morphology. A constant cooling rate is assumed to result in a constant
grain size. The grain morphology boundary is determined using a method similar to that used in
in the previous sections of and the solidification map for Ti-6Al-4V. In order to encompass the
high solidification rates obtained in the electron beam powder bed process, the G and R data is

extrapolated linearly as seen in Figure 5.5.

The grain size and morphology data from the G vs. R plot in Figure 1 from Chapter 1, is
translated onto a plot of power versus velocity using finite element material added simulations.
Note that this is not the same morphology boundary as in the electron beam wire feed process
The powder bed process has a higher background temperature because the entire build chamber
is preheated and held at a higher temperature. The data presented here is for the top of the
trailing edge of the melt pool, where the lowest gradients are present and the morphology region
transitions will first take place. The thermal gradients along the solidification front span a larger
range than those in the electron beam wire feed process, thus it is expected that there will only be
a small percentage of the area with equiaxed grains. The result is the P-V process map for
controlling solidification microstructure for single pass deposits of Ti-6Al-4V in an electron

beam powder bed process seen in Figure 5.6.
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Figure 5.5: Extrapolated solidification map for Ti-6A1-4V
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Figure 5.6: Solidification microstructure process map for the electron beam powder bed

process

5.3.2 Integrated Control of Microstructure and Melt Pool Dimensions

In Chapter 2, it is shown that for the electron beam wire feed process, when maintaining a
constant melt pool area, the grain size also remains constant. The process map for melt pool
geometry control in the electron beam powder bed processes is seen in Figure 5.7 [94], the
solidification microstructure is related to melt pool dimensions for electron beam powder bed
processes. The curves of constant grain size in Figure 5.6 are similar to the curves of constant
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melt pool area in Figure 5.7. Therefore, by controlling the melt pool area, a constant grain size is

also maintained. This is the same relationship that was seen for the electron beam wire feed

system. The grain morphology region boundaries are no longer similar to a line of constant

length to depth ratio.
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Figure 5.7: Melt pool dimensions process map for the electron beam powder bed process

5.4 Experimental Results

5.4.1 Bead Quality:

For some of the power and velocity combinations there are cases of not having a

continuous bead. This is seen only in the 1-layer of powder cases. The non-continuous beads are

82



referred to as having a “bead up” and an example of which is shown in Figure 5.8. There are also
experimental cases for which the material in the melt pool cross-section material is being pulled
from the sides of the melt pool into the middle. This phenomenon is termed “dips.” An example
cross section with dips is shown in Figure 5.9. The bead up and dips phenomenon are likely due
to surface tension [95] and this work shows that these phenomenon are related to the melt pool
size.

The experimental power and velocity combinations that exhibited either the bead up or
dips are identified. The cases for which bead up and dips occur are grouped in regions of
processing space. Lines are identified where bead up [96] and dips will begin to occur and are
shown in Figure 5.10. For high power and low velocities, the dips phenomenon occurs which is
indicated by the blue experiment points in Figure 5.10. The blue dashed line shows the boundary
for which points above this line will have dips in the cross section. For lower powers and high
velocities the bead up phenomenon occurs which is indicated by the red experimental points in
Figure 5.10. The red dashed line shows the boundary for which points below this line will have
bead up occurring. The lines for both dips and bead up are similar to lines of constant area in the
melt pool dimensions process map of Figure 5.7. Therefore, for larger melt pool areas the dips
will occur and for smaller melt pool areas the bead up will occur. It is expected that the location

of the curves may shift based on the layer thickness of material that is being added.
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Figure 5.9: Dips phenomenon in single pass experiments
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Figure 5.10: Bead up and dips lines in electron beam powder bed processing space
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5.4.2 Melt Pool Area

The cross sectional melted area is measured for both the no added and 1-layer of powder
cases. Because of the bead quality issues and the ambiguous melt pool boundary, the deposited
versus melted regions cannot be measured for the electron beam powder bed process. The melted
boundary is difficult to identify because there is no heat affect zone and epitaxial grain growth is

occurring from grains in the substrate material.

The measured areas for the no powder and 1-layer of powder are compared in Table 5.1.
In most cases the 1-layer of powder areas are larger than the no added material cases. The outlier
at 1000W can be explained because the 1-layer of powder case is beading up. The cross section
that was taken at a point in the bead where material was being pulled away from that cross
section, therefore the area measured is too small. At the 2500 W outlier, the problem is likely
with the no added measured area. The boundary is ambiguous and hence is difficult to identify
the boundary and give an accurate measurement. In general, at any given power and velocity

adding powder will result in a larger melted area than not adding powder.
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Cross Section Area (in?)

Velocity | Velocity Percent
Power (in/min) |(mm/sec) 1-Layer of No Powder | Difference
Powder
500 591 250 0.00032
1000 591 250 0.00083
1000 1181 500 0.00013 0.00027 -70.3
1000 2362 1000 0.00023 0.00009 82.5
1500 591 250 0.00105 0.00086 20.5
1500 1181 500 0.00052 0.00031 51.3
1500 2362 1000 0.00044 0.00024 58.2
2000 591 250 0.00133 0.00120 10.1
2000 1181 500 0.00090 0.00050 56.3
2000 2362 1000 0.00043 0.00033 27.3
2000 591 250 0.00133 0.00120 10.1
2500 591 250 0.00174 0.00210 -18.8
2500 1181 500 0.00123 0.00076 473

Table 5.1: Cross section area in the electron beam powder bed process
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The no added and 1-layer of powder cases are compared to the curves of constant melt
pool area from finite element analysis. The experimental powers are converted to an absorbed
power by multiplying by a factor of 0.9. The absorptivity is assumed to be the same value as that
used for the electron beam wire feed process in the previous chapters. Comparison of the no
added material experiments to the no added material finite element results will validate this

assumption.

The experimental measurements are shown in Figure 5.11 plotted over the curves of
constant melt pool area from finite element simulations. The no added material melt pool area
measurements agree reasonably well with the finite element predictions, so the assumption of the
absorptivity being 0.9 is correct. The melt pool area measurement values fall on the correct sides
of the constant area curves. It is expected that the addition of powder will result in a larger melt
pool area because conduction is constrained due to the lower conductivity of the powder
surrounding the melted region. It is harder for heat to conduct away; therefore a larger melt pool
is formed. The 1-layer of powder experimentally measured melt pool areas are larger than the

areas predicted with the finite element models.
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The experimental melt pool cross section measurements are interpolated to identify the
paths of constant melt pool area for three specified areas and are compared to finite element
results. The interpolated experimental points for constant melt pool area and FEA curves of
constant melt pool area for the electron beam powder bed process are seen in Figure 5.12. The
hollow squares represent the no added material experimental cases while the solid circles
represent the l-layer of powder added experimental cases. The solid lines are the curves of
constant melt pool area from the no added material finite element models. The interpolated
experimental points are not shown for the area of 0.16 mm” because extrapolation would be
required to obtain these points and the accuracy is reduced.

The no added material interpolated experiment points of constant area fall very close to
the curves of constant area from finite element simulations. This result is expected because the
addition of material is not being modeled. The 1-layer of powder interpolated points of constant
melt pool area fall below the finite element curves. Therefore either the power must be reduced

or the velocity should be increased in order to obtain the same melt pool area when material is

added.
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5.4.3 Solidification Microstructure

In the previous section, it is postulated that by maintaining a constant melt pool area, the
grain size is also maintained constant. For both no added material and 1-layer of added material
experiments, the beta grain size is measured. The beta grain width versus the effective melt pool
width is plotted in Figure 5.13. In general, the grain size measured from the 1-layer of powder
cross section is smaller than the no added experiments. This is the opposite of what is predicted
because the cooling rate decreases when the paths of conduction is reduced. Additional
experiments should be performed in order to obtain a higher number of data points to eliminate
the possibility of discrepancy is due to scatter of the data.

The trend for both experimental cases is somewhat linear with a small amount of scatter
that is normal for experimental measurements. For an increase in effective melt pool width, the
grain width also increases. The grain size scales with the melt pool width with a ratio of
approximately 7 grains per melt pool width. This is the same type of relationship that is seen for
the electron beam wire feed process, but for that process the number of grains per width is

approximately 20.
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The beta grain morphology for the single pass experiments is qualitatively observed. The
predicted equiaxed transition indicates that equiaxed grains should be present in the no added
power experimental cases. There are no clear regions of equiaxed grains as was seen in the
electron beam wire feed systems. In the cases where equiaxed grains are present, there are
scattered equiaxed and columnar grains mixed together. Detailed measurements of the aspect

ratio of each grain should be performed in order to assess the grain morphology.

The solidification rates for this process are much higher than those on the previous
solidification map used for the wire feed process and the data had to be extrapolated to obtain the
mixed to equiaxed boundary in this region. This extrapolation may cause error in the predictions.
Because the solidification rate is so high, there does not seem to be time for new grains to
nucleate ahead of the columnar growth front and epitaxial growth from the substrate occurs. The
experimental thermal conditions may also be different than those in the finite element model
because of the bead up and dips phenomenon. In order to assess the validity of the solidification
map by Kobryn [9] for the rapid solidification rates in the electron beam powder bed process,
additional research must be completed. It is likely that the parameters in the solidification model

must be modified.
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5.5 Chapter Summary

The relationship between solidification microstructure and melt pool geometry is
investigated for the electron beam powder bed process. The electron beam powder bed process
has much smaller areas and higher cooling rates than the electron beam wire feed process. The
process maps for both melt pool dimensions and solidification microstructure are presented.
When comparing the two process maps it can be seen that by maintaining a constant melt pool
area, a constant grain size will also be maintained. This is the same result as was seen for the
electron beam wire feed process. The grain morphology boundary is no longer similar to the
length to depth ratio.

Single bead experimental results are presented for a wide range of power and velocity
combinations for no added material and 1-layer of powder cases. For the experimentally
measured melt pool areas, the no added material melt pool area is smaller than the 1-layer of
powder melt pool areas. This is an expected result because the paths of conduction are reduced
when a layer a powder is added. The paths of constant melt pool area are identified for both sets
of experiments. The no added experiments agree well with the finite element predictions,
because no material was being added to the model. The trend of the I-layer of powder
experiments is the same but the constant melt pool area curve is shifted down in processing
space.

The relationship between solidification microstructure and melt pool geometry is
investigated for the electron beam powder bed process. The electron beam powder bed process
has much smaller areas and higher cooling rates than the electron beam wire feed process. The

process maps for both melt pool dimensions and solidification microstructure are presented.
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When comparing the two process maps it can be seen that by maintaining a constant melt pool
area, a constant grain size will also be maintained. This is the same result as was seen for the
electron beam wire feed process. The grain morphology boundary is no longer similar to the
length to depth ratio.

Single bead experimental results are presented for a wide range of power and velocity
combinations for no added material and 1-layer of powder cases. For the experimentally
measured melt pool areas, the no added material melt pool area is smaller than the 1-layer of
powder melt pool areas. This is an expected result because the paths of conduction are reduced
when a layer a powder is added. The paths of constant melt pool area are identified for both sets
of experiments. The no added experiments agree well with the finite element predictions,
because no material was being added to the model. The trend of the I-layer of powder
experiments is the same but the constant melt pool area curve is shifted down in processing
space.

The measured beta grain size scales with the measured effective melt pool width, which
confirms that the constant area and constant grain size relationship developed for the electron
beam wire feed process can be extended to the electron beam powder bed process. However for
the electron beam powder bed process the scaling factor is different, there are approximately 7
grains per melt pool width. This is the same type of relationship that was seen in the electron
beam wire feed process, though the value of grains per width is different in both processes. There
is no significant difference between the grain sizes in the no added and the 1-layer of powder
cases. Further investigation must be performed to validate the grain morphology predictions in

this region.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

Part and process qualification has been identified as an important area of research for the
AM field. This paper gives insight into regions or paths in processing space that can produce the
desired solidification microstructure. In this work, P-V solidification microstructure process
maps are created to represent solidification microstructure in terms of process parameters.
Curves of constant beta grain size and regions of grain morphology are identified in beam power
versus velocity space. These results are compared to the process maps for melt pool dimensions.
Results show that integrated control of solidification microstructure and melt pool dimensions is
possible for both single bead and thin wall geometries in the electron beam wire feed AM
process and for single beads in the electron beam powder bed process. Integrated control of
solidification microstructure and melt pool dimensions allows for the ability to indirectly control

the solidification microstructure through direct, real time control of melt pool dimensions.

Comparing process maps for solidification microstructure (Figure 2.7 and Figure 4.7) to
those for melt pool dimensions (Figure 2.8 and Figure 4.8) for both single bead and thin wall
geometries in the electron beam wire feed process, shows that a constant melt pool area results in
a constant grain size while moving through process space. Similarly, monitoring the length to
depth ratio can control the grain morphology for single bead deposits. Experimentally, along a
line of constant area, increasing the power results in more equiaxed grains and the grain size

remains constant. A scaling factor of approximately 20 grains per melt pool width is identified
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for the electron beam wire feed process. The scaling factor is geometry independent for

deposition of single beads and thin walls seen in Figure 4.14.

The electron beam powder bed process has much smaller areas and higher cooling rates
than the electron beam wire feed process, however the trends in solidification microstructure and
melt pool dimensions are similar (Figure 5.6 and Figure 5.7). Maintaining a constant melt pool
area results in a constant grain size. However, the scaling factor for the grains per melt pool
width is now approximately 7 grains per width instead of 20 as seen in Figure 5.13. The effect of
adding 1-layer of powder versus no added powder appears to have a significant effect on the melt

pool area, but little effect on the grain size.

In situ microstructure control is possible by monitoring the real-time melt pool behavior.
By integrating solidification microstructure and melt pool dimension control, balancing of high
deposition rates, fine features and tailored microstructures results in efficiently produced near net
shape parts with a consistent and predictable microstructure. This result can greatly accelerate
process qualification and potentially allow for tailored microstructure and resulting mechanical

properties for the desired application.

6.2 Implications of the Research

This research will give significant insight into regions of processing space that can
produce the desired solidification microstructure and resulting mechanical properties. The added

benefit of in-situ microstructure control is that it provides the ability to predict the microstructure
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of different sections of a build based on the melt pool behavior, which will aid in decreasing the
qualification time. Results of this work will potentially allow for tailoring of the microstructure

and the resulting mechanical properties to the desired application.

6.3 Future Work

The process mapping approach for solidification microstructure is developed in this work
to related solidification microstructure to input process variables. The major breakthrough in this
work is the ability to indirectly control solidification microstructure through melt pool dimension
control. Considerable progress has been made in the current research, and there are several

directions that process mapping of microstructure can be extended further.

* Microstructural Characteristics: This work investigates the solidification microstructure
(beta grain size and morphology), sometimes referred to as the macrostructure. The
microstructure process mapping approach can be used to map out any other
microstructural characteristics. For example, the cooling rate at the beta transus is a
dominating factor in the alpha grain structure development. This cooling rate can be
mapped out using the technique developed in this work. Determining the boundary for

when martensite will be present has already completed as an extension of this work. [97]

* Material Systems: Ti-6Al-4V is the material investigated in this work. The microstructure
process mapping approach can be used for any material system. The curves of constant

cooling rate can be determined for any material for which the thermal properties are
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know. Morphology regions require G and R solidification map data. This data can be

found in the literature or developed through solidification modeling. [98]

Types of Additive Manufacturing Processes: Electron beam wire feed and electron beam
power bed additive manufacturing processes are explored in this work. The integrated
process mapping of solidification microstructure and melt pool dimensions can be
extended to any thermally based additive manufacturing process. Due to the deviation of
the constant area and constant cooling rate at lower powers, it is expected that
investigation of lower power additive manufacturing will show that the relationship no

longer holds.

Deposit Geometries: Single bead deposits and thin wall deposits are discussed in this
work. Process mapping of additional key geometries such as depositing along a free
edge, around a corner or depositing beads side by side can be used to strategically build

an entire part with a tailored microstructure.
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Appendix A Sample Preparation Procedure

The samples were polished using the procedure outlined below. The samples were etched
using Krolls etchant, which consists of 92 ml distilled water, 6 ml Nitric Acid (HNO;) and 2 ml
hydrofluoric acid (HF). The surface of the sample was gently rubbed with a cotton swab dipped
in the etchant for less than 15 seconds until the sample turned grey. The sample is then placed in

a beaker of water and immediately sprayed with a sodium bicarbonate solution.

Ti-6Al-4V Polishing
Procedure

240 grit
320 grit
400 grit
600 grit
6 diamond spray with
activated mastermet on
high attack low nap cloth
Iu diamond spray with
activated mastermet on
high nap cloth
Final polish- colloidal
silica
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