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36a.1 Project Overview and Industrial Relevance

Over the last decade, metallic additive manufacturing (AM) has seen increasing use in the creation of near-net shape
functional and low-risk structural components. The primary benefit of AM over traditional processing is the ability to
create custom geometries beyond what is possible with traditional manufacturing and reduce the waste associated with
extensive machining [36.1-4]. One of the primary challenges to this production technique is maintaining control of
material properties and microstructure via careful selection/maintenance of build parameters. Porosity, cracking,
anisotropic loading response, and detrimental microstructural formations are all possible defects in AM builds, leading
to a limited scope of application for metallic AM [36.5-8]. The influence of processing parameters (e.g., scan strategy
or layer thickness) on material performance, microstructural evolution, and defect formation is not well-understood
and is an active area of materials research.

This project focuses on analyzing AM Ti-6Al-4V produced via an electron beam melted (EBM) powder process to
evaluate the influence of processing conditions on crystallographic texture and anisotropic loading responses. Three
specimens of EBM Ti-6Al-4V were produced at Oak Ridge National Laboratory (ORNL) with different scan
strategies, identified by the names Raster, Dehoff, and Random. Random and Dehoff are spot deposition methods,
depositing material in spots instead of in a linear fashion (Figure 36.1). Raster is a deposition strategy commonly used
in industry where material is deposited linearly every layer and the travel path rotated 67.5° between layers (Figure
36.2).

These scan strategies altered the local thermal history of each build and gave rise to potentially different
crystallographic texture. Differences in texture are important to controlling anisotropic behavior in AM builds, and by
quantifying these differences this work aims to develop a greater understanding of how anisotropic behavior evolves
for AM metallic systems.

36a.2 Previous Work

36a.2.1 Literature Review of AM of Ti-6Al-4V

A survey of AM literature pertaining to Ti-6Al-4V and EBM build processes was completed to give a general
background for future work. EBM Ti-6Al-4V differs microstructurally from selective laser melting (SLM) processes
due to decreased cooling rates as a result of the heated build chambers intrinsic to electron beam AM machines. EBM
builds exhibit colony a + [ microstructures with potential Widmansttatten a or martensitic @’ depending on build
chamber temperature and build parameters [36.4, 36.9-11], while laser builds exhibit an almost completely martensitic
microstructure. This latter microstructure forms due to the lack of a heated chamber in SLM builds, resulting in an
increased cooling rate and thus a microstructure dominated by a’ [36.12-16].

It is worth noting EBM builds are thought to exhibit an &’ microstructure directly after the initial deposition of a layer
of material. This is decomposed into a fine @ + § lamellae during subsequent layer depositions due to higher ambient
temperature, and has been shown to increase both ductility and strength of Ti-6Al-4V [36.5]. SLM builds can achieve
similar microstructures through careful manipulation of build parameters, but is a more involved process than that
seen naturally in EBM. [36.17-18]
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Crystallographic texture for AM Ti-6Al-4V is normally fairly weak. Directly after deposition, a strong cubic
solidification {001} fiber texture is exhibited by the 5-Ti phase. After cooling below the S-transus temperature, most
B-Ti transforms into a-Ti with relatively weak texture. With the next deposition pass, the newly deposited material
solidifies as B-Ti and grows epitaxially on previously deposited layers heated into the [-regime. This process
effectively cycles the previous few layers of a Ti-6Al-4V build through a repeated § < a transformation, removing
significant @-Ti texture [36.5, 36.19-20]. Thus, relatively weak a-Ti texture is expected.

36a.2.2 Neutron Diffraction Experiments and Training on Processing Neutron Diffraction Data

Neutron diffraction data was collected in Q3-2018 at the Los Alamos Neutron Science Center’s High Pressure-
Preferred Orientation (LANSCE-HIPPO) beamline for the Random, Raster, and Dehoff specimens. Both bulk and
local diffraction experiments were completed (Figure 36.2) to collect crystallographic texture information that can be
compared between specimens and as a function of build height. In Q4-2018 to Q2-2019, training on processing neutron
diffraction data using the Material Analysis Using Diffraction (MAUD) software package was also completed via the
guidance of Los Alamos National Laboratory (LANL) scientists, laying the groundwork for the recent progress
reported below.

36a.3 Recent Progress

36a.3.1 Processing of Neutron Diffraction Data

Using an iterative approach with the MAUD software package, a consistent and stable operating route was developed
to process neutron diffraction data. Specific values including lattice parameters derived from x-ray diffraction (XRD)
and the Debye-Waller thermal attenuation factor were required to do so, and were found with additional investigations.
All experimental datasets obtained from LANSCE-HIPPO were run through the updated processing route, and results
exported into the MATLAB MTEX plugin for quantification. An important detail to note is that both a-Ti and §-Ti
texture information was generated, but only a-Ti information is reported here. This is due to a relatively low phase
fraction of §-Ti from each specimen (below the required 5 vol % value for sufficient neutron diffraction signal)
reducing the confidence in any calculated results.

The MATLAB-MTEX plugin generates recalculated pole figures (Figure 36.3) and orientation distribution functions
(ODF’s) (Figure 36.4) giving semi-quantitative and quantitative texture information respectively. Preferred
orientations for each diffraction experiment, from here on referred to as texture components, were extracted from
ODF’s and relative volume fractions of each texture component evaluated. Such a calculation allows for a quantitative
comparison between each experiment by observing changes in component volume fraction as a function of scan
strategy and build height. This avoids semi-quantitative interpretations of texture information as associated with pole
figures and can also illustrate any fiber textures present within the material.

Initial processing indicated a suspected basal fiber texture present in all three specimens as seen in Figure 36.5, but
further work on the matter has been temporarily halted. This is due to issues in assumed symmetries for pole figure
and ODF generation and how these must be reconciled with literature assumptions as described below.

36a.3.2 Crystallographic Texture Review for Titanium Alloys

In order to provide context for the results collected from ODF’s, a second literature review was completed for Ti-6Al-
4V and similar systems. The primary objective of this search was to identify previously reported texture components
in both AM and traditional processing studies, and compare these values to those found in this work. In many material
systems, specific texture components indicate distinct microstructural evolution phenomena and give insight into
material changes during processing (e.g., recrystallization). Such insight would assist in controlling the microstructure
of metallic AM builds, and bring AM one step closer to creating born-ready components.

Comparisons of texture components found in literature to those calculated in MTEX demonstrated noticeable
differences with minimal to no overlap for all experiments. Further investigation determined most studies (both AM
and traditional manufacturing) imply what is known as an orthotropic specimen symmetry on their texture analysis,
assuming a statistical symmetry due to processing of the material (e.g., rolling). Such an assumption is supported by
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the presence of an apparent symmetry in pole figures and texture components which repeat at constant intervals
throughout an ODF.

Such symmetry and periodicity is not clearly seen in this Figure 36.4 or Figure 36.5 however, and suggests a triclinic
specimen symmetry may be more applicable for all three specimens. This also presents the possibility the directional
build process of AM may not be truly “orthorhombic” due to the lack of symmetry present within each build layer,
indicating a change in analysis standards is required. Further work is needed to establish the validity of this statement
and also confirm whether or not a triclinic specimen symmetry is indeed accurate for the specimens being tested here.

36a.4 Plans for Next Reporting Period

Future work will focus on finishing the texture component analysis of neutron diffraction data, publishing a summary
of this work, and developing/publishing a standard operating procedure for processing neutron diffraction data.

e Determine if orthorhombic or triclinic specimen symmetry is appropriate for one, multiple, or all neutron
diffraction experiments completed.

e  Publish texture component paper in Q3 or Q4-2019.

e Develop instructional and explanatory documentation (video tutorials and documents) for using MAUD
software package. A current standard operating procedure has yet to be defined, leading to large degrees of
volatility and low confidence in some crystallographic texture studies seen in literature.
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36a.6 Figures and Tables
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Figure 36.1: Illustrations of the two spot deposition scan strategies Dehoff (left) and Random (right) implemented
here.
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Figure 36.2: Illustration of the Raster scan strategy implemented here. Note the 67.5° rotation between layers
incorporated into this build process (right).
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Figure 36.3: Recalculated pole figures for a neutron diffraction experiment of the Random scan strategy specimen.
Taken 2 mm from the top of the build geometry.
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Figure 36.4: Orientation distribution function of the same experiment present in Figure 36.3. Note the primary
texture components (regions of red coloration) present throughout a suspected HCP basal fiber texture.
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Figure 36.5: 3D ODF illustrating the fiber texture observed in two-dimensional slices in Figure 36.4 from assorted
angles. Views are selected to help develop perspective on the fiber texture’s behavior in 3D.
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