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Abstract: Metal additive manufacturing is a developing technique with numerous advantages and
challenges to overcome. As with all manufacturing techniques, the specific raw materials and
processing parameters used have a profound influence on microstructures and the resulting behavior
of materials. It is important to understand the relationship between processing and microstructures
of Ti to advance knowledge of Ti-alloys in the additive field. In this study, a face-centered cubic (FCC)
phase was found in grade 2 commercially pure titanium specimens, additively manufactured with
directed energy deposition in an argon atmosphere. Two scanning speeds (500 and 1000 mm/min)
and three scanning patterns (cross-hatched and unidirectional patterns) were investigated. Electron
backscatter diffraction and energy-dispersive X-ray spectroscopy were used for microstructural and
compositional analysis. Inverse pole figure, phase, and kernel average misorientation (KAM) maps
were analyzed in this work. Larger amounts of the FCC phase were found in the unidirectional
scanning patterns for the slower scanning speed, while the cross-hatched pattern for both scanning
speeds showed a lower amount of FCC. Higher KAM averages were present in the faster scanning
speed specimens. According to EDS scans, small amounts of nitrogen were uniformly distributed
throughout the specimens, leading to the possibility of interstitial content as a contributing factor for
development of the observed FCC phase. However, there is no clear relationship between nitrogen
and the FCC phase. The formation of this FCC phase could be connected to high densities of
crystalline defects from processing, plastic deformation, or the distribution of interstitials in the AM
structure. An unexpected Kurdjumow–Sachs-type orientation relationship between the parent beta
phase and FCC phase was found, as {110}BCC ‖ {111}FCC, 〈111〉BCC ‖ 〈110〉FCC.

Keywords: FCC titanium; additive manufacturing; DED; EBSD; EDS; orientation relationship

1. Introduction

Understanding the relationships between processing, structure, and properties in
additive manufacturing (AM) is important to advancing the processing techniques to more
commercial applications. The various AM techniques and myriad processing parameters
allow for different processing strategies to be made, impacting material performance. AM
is a relatively new manufacturing method, developed within the past 40 years [1], that in-
volves layering melted material over itself in a specific pattern to create a three-dimensional
part. Design freedom is one paramount characteristic of AM. Complex geometries such
as lattices, overhangs, and passageways are possible, which are not easily accessible to
conventional manufacturing methods. AM offers rapid prototyping, the possibility of
tailoring mechanical properties, and the capability to integrate components in a single
build that would traditionally be assembled from multiple parts. While conventional forms
of manufacturing can still include large machines, tedious procedures, and considerable
expense; the AM technique is on the road to improving production times and cost and
reducing material waste. Over the years, metal AM has gained popularity in industry
and academia; however, polymers are the most prevalent AM structures in application,
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and even ceramics and natural materials are being manufactured additively. Aerospace,
automotive, and biomedical industries are a few of the industries where metal AM is
currently advancing to produce structural components [1–9].

Laser-directed energy deposition (DED) is one common type of metal AM, which
deposits metal powder, or wire, through a nozzle onto a build plate. A laser source
simultaneously melts this powder in an inert atmosphere, typically argon, by creating
a melt pool on top of the substrate [1,10,11]. The bed moves while the laser and nozzle
stay stationary, or, in some instances, the laser and nozzle move, and 3D construction can
take place. The scanning path, or specific movement of the bed, is a parameter defined
by the user. Multiple nozzles can be used, which allows the DED process to produce
multi-material parts as needed [1,11]. DED has high deposition rates and can produce
parts and clad or repair existing parts. Its ability to produce parts to exact dimensions
specified in the CAD files (especially when additive and subtractive approaches are used
in combination) is important in medical, aerospace, or military industries, for example,
where exact dimensions are crucial for component performance [11]. Additive strategies
also reduce material consumption and improve manufacturing sustainability.

Process parameters affect everything about the build (i.e., melt pool shape, cooling
rate, local thermal gradients, incident energy) and the completed part (i.e., part geometry,
microstructure, porosity, mechanical properties) [11]. Suppose one process parameter
changes for a new build (i.e., laser power, scanning speed, scanning pattern, layer thickness,
the temperature of the build plate, and time elapsed between layers); in that case, it may
create a domino effect, changing something else about the final part. The combination of
process parameters needed for a successful print depends on the specific AM technique
used, component design, the material it is made from, and its geometry.

While AM provides new and advanced ways of processing, its continuous thermal
cycles and plethora of process parameters also introduce challenges. An understanding of
processing and material fundamentals is essential for the progress of AM. The microstruc-
ture of the part will depend on its thermal history from the print. Microstructure and
grain size can vary throughout a printed part, where the top and bottom regions of a part
may have different microstructures and consist of both tensile and compressive residual
stresses [11]. Material properties, which are related to microstructure, are affected by
AM whether advantageous or disadvantageous, so they must be understood and con-
trolled [1,11,12]. Stresses are induced by thermal processing cycles and cooling rates, which
may cause distortion or warping to a part [13] and may reduce the strength or lifespan of a
part [11].

Significant AM research has been reported on titanium alloy Ti6Al4V (Ti-64) due to
strength-to-weight ratio, corrosion resistance, and biocompatibility [14–16]. For this work,
however, commercially pure titanium (CpTi) was chosen since it is crucial to understand
the basics before the complex. Elements of this fundamental investigation will add to
the foundation of AM research. This work found an unexpected face-centered cubic
(FCC) phase in the manufactured specimens. No FCC phase is located on the titanium
phase diagram because these diagrams only show equilibrium phases [17,18]. At high
temperatures, there exists a body centered cubic (BCC) phase designated as Ti-β, while at
lower temperatures, a stable hexagonal close packed phase (HCP) forms as Ti-α [19,20].

FCC phases have been reported in CpTi and Ti-alloys [18–24], and some reports on
FCC forming in additive processed specimens [17,25]. It has been described that the FCC
phase impacts mechanical performance [17,25]. Wang et al. considered Ti-64 and laser
powder bed fusion (L-PBF) for their study, while Zhou et al. examined CpTi and pure
aluminum with ultrasonic AM for thin film laminates. No reports were found on an FCC
phase forming in CpTi from DED processing, but it could be expected that the issues
leading to the so-called “C-phase” formation in Ti-64 would be similar for CpTi [17].
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2. Materials and Methods

A powder-based DED Formalloy printer (Spring Valley, CA, USA) was used to create
rectangular samples of grade 2 CpTi on a CpTi build plate in an argon atmosphere (<50 ppm
of oxygen). Information on varied process parameters for six printed samples, labeled A
through F, can be seen in Table 1 and Figure 1. Note that the 90◦ unidirectional pattern is
parallel to the shorter edge of the rectangular specimen, while the 0◦ unidirectional pattern
is parallel to the longer edge. All constant process parameters can be seen in Table 2. No
support structures were used in the build, and the bed was not preheated.

Table 1. Varied process parameters for printed samples.

Scanning Pattern

Cross Hatch 90◦ Unidirectional 0◦ Unidirectional

Scanning Speed
(mm/min)

500 A C E
1000 B D F
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Figure 1. Illustration of scanning patterns used for printed rectangular samples A–F. Note the
90◦ pattern is parallel to the shorter (10 mm) edge while the 0◦ pattern is parallel to the longer
(20 mm) edge.

Table 2. Constant process parameters for printed samples.

Laser Power (W) Layer Thickness
(mm)

Layer Spacing
(mm)

Powder Feeder
Disk Rate (rpm)

Shield Gas Flow
Rate (L/min)

Carrier Gas Flow
Rate (L/min)

350 0.2 0.8 0.4 16 8

Each sample was programmed to be 20 mm × 10 mm × 10 mm; however, in reality,
the heights varied slightly. This was due to variation in process parameters including laser
power, scanning speed, layer height, and flow rate. Overbuilding occurred, meaning the ex-
perimental layer height was higher than the desired theoretical layer height. Overbuilding
can occur from slower scanning speeds combined with higher powder flow rates, resulting
in a higher power density. Current DED systems are unable to account for height variations
for the deposited material [26]. Therefore, some scans were stopped before the theoretical
10 mm layer height was reached. These parameters must be optimized so the experimental
parameters match the theoretical.

Samples were left attached to the build plate during sample preparation. Cross
sections, as illustrated in Figure 2, were cut with a diamond slow saw, grinded (240, 320,
400, 600, 800, 1200 grit silicon carbide discs), and polished (5 µm, 3 µm, 1 µm, 0.3 µm
alumina slurry, and 0.05 µm colloidal silica). The cross sections were then analyzed with a
Thermo Scientific Apreo scanning electron microscope (SEM), with EDAX APEX V2.5.1000
Software for electron backscatter diffraction (EBSD), and energy dispersive spectroscopy
(EDS) to characterize microstructure and composition. EBSD scans were completed with a
beam voltage of 20 kV, current of 13 nA, a working distance of approximately 10 mm, and a
step size of 0.1 µm. EDS was completed at the same working distance and voltage, but with
a current of 0.80 nA. It should be noted that measurements taken with EBSD and EDS are
surface measurements, and cutting and polishing the specimen will release some residual
stresses in the material. In addition, as titanium has an affinity for oxygen, nitrogen, and
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carbon, it is expected that these elements will be present on the newly prepared surfaces
even if they do not exist in the bulk specimen.
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Figure 2. Schematic of the additive sample cross section. EBSD and EDS scans were taken at the top,
middle, and bottom locations along the height of a built sample, labeled as 1, 2, and 3, respectively.

3. Results

Three EBSD scans were taken per additive sample as pictured in Figure 2, near the
top, middle, and bottom of the specimen. Orientation maps, often referred to as inverse
pole figure (IPF) maps, can be seen in Figures 3 and 4 for 500 mm/min and 1000 mm/min
scanning speeds, respectively. The IPF color key refers to orientations that are aligned with
the sample normal direction (transverse to the build direction of the AM specimens). IPF
maps show a transformation structure, as expected. The EBSD data have been filtered so
that all orientations shown have a confidence index of at least 0.1 (CI > 0.100). There was
also a grain confidence index standardization cleanup, with a grain tolerance angle of 5
and minimum grain size of 5. No other data manipulation was performed.
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Figure 3. Inverse pole figure maps for 500 mm/min scanning speed samples, with 40 µm scale bars,
and corresponding inverse pole figure color keys for each phase. Colors denote poles aligned with
the sample normal direction (transverse to the build direction) The scan pattern and scan location
are labeled.

Phase maps can be seen in Figures 5 and 6, showing both Ti-α and FCC phases,
labeled as red and yellow, respectively. There is more FCC phase present in the unidirec-
tional scanning patterns for the slower scanning speed samples. When comparing the IPF
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maps with the phase maps, the FCC phase consists mainly of one orientation, while the
Ti-α phase contains many orientations (all corresponding to the expected BCC to HCP
orientation relationship).
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Third nearest neighbor kernel average misorientation (KAM) maps can be seen in
Figures 7 and 8, where the maximum allowable misorientation in the kernel was set to
5 degrees. When comparing the KAM maps to the phase maps, it is seen that the higher
KAM values are associated with the FCC phase. Furthermore, all black regions between
grains observed in Figures 3–8 correspond to areas of low confidence EBSD data and are
not considered in the analysis.
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Figure 9 displays plotted KAM values for each specimen, organized by scanning speed
and phase. These plots confirm that higher KAM values were generally found in FCC
phases, with the highest being in the faster scanning speed. Three regions were analyzed
for each measurement and the KAM averages for each area were found. Error bars were
created from the standard deviation of these calculated KAM averages.
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In addition, Figure 10 displays an overall EDS spectrum. Only one sample is repre-
sented since all EDS data were similar. EDS element maps were also created from EDS data
but are not shown here since there are no apparent defining features connecting nitrogen
content to the FCC phase. An even distribution of nitrogen was displayed in all maps.
This is not surprising since titanium has a standard Lα energy of 0.452 keV and nitrogen
has a Kα energy of 0.392 keV [27], causing these peaks to overlap on the spectrum with
sophisticated deconvolution techniques required to determine quantitative concentrations
of these elements. Oxygen was not observed in the spectra above the noise threshold (about
0.05%), but the overall spectra generally indicated Ti and N peaks. The small peak seen at
2.77 keV is the escape peak from the Ti Kα peak and is herein ignored.
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4. Discussion

IPF maps show a transformation or Widmanstätten structure, which is expected
for rapidly cooled alpha titanium alloys. The maps shown are reconstructions of the
grain structure, in which the grains are colored according to their crystallographic pole
aligned with the surface normal direction. It can be noticed that FCC regions are mainly
one crystallographic orientation, while Ti-α regions consist of many orientations. Beta
parent grains were reconstructed from the alpha phase using OIM Analysis, assuming
the standard orientation relationship between BCC and HCP titanium phases. Grain
boundaries of the parent beta phase have not been superimposed on IPF maps since
these observations were over small regions and generally within a single parent grain.
When the FCC titanium phase was compared with the reconstructed beta titanium phase,
the orientation relationship found is {110}BCC ‖ {111}FCC, 〈111〉BCC ‖ 〈110〉FCC. This
resembles the Kurdjumow–Sachs (K–S) orientation relationship between the reconstructed
BCC beta and FCC phases. The K–S relationship was observed in 1930 and was identified
in mild steel when describing the martensitic transformation [28]. The K–S orientation
relationship in this work offers evidence that the material consisted of a complete beta
structure at high temperatures and then transitioned to FCC in some regions when cooled,
while the remaining structure transformed to alpha titanium, as expected. If the FCC
structure had formed after the transition to HCP, it would be less likely that the FCC grains
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were all of the same orientation, and it would be highly unlikely that a known orientation
relationship would be observed. This supports the argument that the FCC phase formed
from prior beta grains.

Two complimentary studies [29,30] showcased the transformation of a BCC to FCC
phase in Fe17Mn5Si10Cr4Ni shape memory alloy manufactured through LPBF in an argon
atmosphere. It was found that the amount of FCC increased with increasing laser power,
and that the BCC and FCC phases showed a K–S orientation relationship [30]. The samples
were heat treated after printing to try to dissolve any undesirable BCC phase, since shape
memory effects in these alloys are due to transformations between HCP and FCC phases.
However, BCC was suggested to be the primary solidification phase from LBPF, and
that at high-volume energy densities and low cooling rates, FCC nucleated from BCC
grain boundaries [29]. EBSD and XRD were used to identify these phases. While these
complimentary studies consisted of a shape memory alloy rather than titanium, they
demonstrate that an FCC phase can form from BCC not typical of the material, and that
there exists a K–S orientation relationship between BCC and FCC phases.

In this current work, there is more FCC found in slower-scanning-speed specimens.
Since it is assumed from the previously introduced complimentary studies that the BCC-
to-FCC transformation is highly affected by the volume energy density, and that more
FCC was found in higher laser powers, perhaps the combination of laser power and slow
scanning speed in this study created the stress conditions conducive for FCC to form.
The FCC phase specifically is more prominent in unidirectional scanning patterns for the
slower scanning speed specimens, represented in Figure 11. The cross-hatched pattern
has approximately the same amount of FCC for both scanning speeds. This shows that
differences in scanning patterns may impact the formation of the FCC phase as well.
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KAM maps measure the average misorientation of a given point with respect to its
neighboring points [31–35]. The number of neighboring points is defined as the kernel
which surrounds the point of interest [36]. In general, the maps provide a visual representa-
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tion where regions of local misorientation is high [31]. KAM maps reflect changes in lattice
orientation and local lattice curvature which can be related to and provide a qualitative
measurement of geometrically necessary dislocation (GND) density distribution [32,36,37],
which is an indirect indication of plastic strain and residual stresses [25,33,36].

Plotted KAM averages for each phase, scan speed, scan pattern, and sample location
are seen in Figure 9. Three regions were analyzed for each measurement and the KAM
averages for each area were found. The standard deviation was calculated from these
averages, and error bars were created and shown on Figure 9. When only looking at the
slower scanning speed (500 mm/min) results, the Ti-α phase has lower KAM values than
the FCC phase. Additionally, the top scans for the Ti-α phase (higher in the build sequence)
have the lowest KAM values for each individual sample of this scanning speed. This means
there is more lattice curvature in FCC and less in Ti-α near the top of the specimen. It is
likely that part of the reason that the FCC phase formed was from geometrical restrictions
that impeded formation of the HCP phase. In this reasoning, it is reasonable that there
may be more lattice curvature in the FCC phase, resulting from, and contributing to, the
residual strains in the lattice at that point.

For the faster scanning speed (1000 mm/min), there is a larger difference in KAM
values between Ti-alpha and FCC phases compared to the slower scanning speed samples.
The FCC phase here shows the highest average KAM value of all scanning speeds; within
those, the cross-hatched pattern holds the highest value for FCC. The cross-hatched pattern
holds the lowest KAM values when looking at the Ti-α phase of this scanning speed. With
a faster scanning speed, the material cools more rapidly in the additive process since the
heat source quickly moves away from the deposited material. Faster cooling rates relate to
more deformation in the material; thus, it makes sense that there are higher KAM averages
in the faster scanning speed. Furthermore, the two unidirectional patterns behave similarly
on the plots as far as the observed trends. In both cases, the 90◦-pattern has higher KAM
averages near the top of the specimen and lower KAM averages near the bottom, while it
is vise-versa for the 0◦-pattern. The curves intersect around the middle of the specimen.

When referring to only the cross-hatched pattern of the Ti-α phase, both scanning
speeds have similar KAM values ranging from approximately 0.6 to 0.7◦, which reflects
the lowest KAM for Ti-α. However, the cross-hatched pattern for the FCC phase has the
highest KAM averages for both scanning speeds, ignoring the possible outlier in Sample A
where very little FCC phase was present.

EDS element maps were identical for all samples, showing a uniform distribution
throughout the region. There is no difference or clear distribution of nitrogen between Ti-α
and FCC phases. One EDS spectrum showing titanium and nitrogen peaks is presented
since all spectra for all samples looked similar, with only small variations in the weight
percent of nitrogen. EDS is not the most dependable characterization method because
of its surface sensitivity confined to approximately 1 µm of depth [38]. Additionally,
certain peaks within EDS spectra may overlap with one another, making it difficult to
properly determine quantitative values. This is particularly the case with titanium and
nitrogen peaks. It is also less effective at identifying trace elements, meaning elements of
low concentrations. However, it provides detailed multielement detection, with a spatial
resolution on the order of a micron [38].

Grade 2 CpTi has a maximum amount of 0.03 wt% nitrogen [39–42]. The measured
nitrogen in this work exceeded that with values in the range of 3 wt% using standardless
quantification, depending on the scanning pattern and location of scan. In one study using
X-ray diffraction, the weight percent of nitrogen was found to be higher in CpTi when
produced from laser powder bed fusion (LPBF) additive than the wrought CpTi [43]. In
general, the nitrogen content exceeded the grade 2 specification. The material became
closer to grade 3 than grade 2 according to the values obtained. The additive samples were
created in an argon atmosphere, yet they assume that nitrogen impurities were picked up
from the LPBF chamber. In addition, they claim higher temperatures lead to more nitrogen
pick-up [43].
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In this work, it may be possible that nitrogen was picked up from the DED chamber. It
is important to note that EDS has its limitations and may not provide accurate quantitative
results. While the exact content of nitrogen in these additive samples are not precisely
ascertained from EDS, it can be assumed that a non-negligible amount of interstitial impu-
rities are present. Middle and bottom scans consistently contained the most nitrogen in
each sample, and their amounts were relatively equal, whereas there was less nitrogen in
the top scans. There does not seem to be a clear relationship between KAM averages and
the greater amount of nitrogen near the bottom of specimens. Figure 9 shows that some
bottom scans have the greatest KAM value, but this is not true for all plots.

The EDS spectra in Figure 10 shows titanium and nitrogen peaks. Titanium and
nitrogen peaks overlap around 0.4 keV due to their X-ray energies being similar. The small
peak to the left of the overlapping peaks around 0.27 wt% belongs to carbon, which can
commonly be detected in these spectra due to hydro-carbon contamination.

The solubilities of interstitials in HCP and FCC are significantly larger than solubilities
in BCC [44]. HCP and FCC structures contain more accessible sites for interstitials than BCC
with its limited interstitial sites. Nitrogen can dissolve in CpTi and Ti-alloys in the alpha
phase [45], possesses a greater solubility in HCP forms of titanium than BCC forms [46],
and may alter Ti microstructures [45]. Below the crystallographic transformation point, the
solubility of nitrogen in titanium is higher than above this transformation point [46]. KAM
results imply the existence of residual stresses, and EDS results suggest that impurities
are present. Based on considerations of solubility, there should be less stress with higher
solubility structures such as HCP and FCC since a high solubility means that interstitials
have more locations to fill once mixed into the matrix. That is not necessarily the case here
since KAM maps show regions of significant stresses in the FCC phase. However, the KAM
values show the presence of significant local lattice rotations in some regions in spite of any
residual stress advantage that would be gained from higher solubility of interstitials in the
FCC and HCP phases.

The titanium phase diagram consists of BCC and HCP phases. These diagrams do
not include an FCC phase because it is typically considered a metastable phase. How-
ever, an FCC phase can indeed occur in Ti-alloys and Ti multilayer structures, but it has
been reported less in additively built Ti. FCC phases in Ti are sometimes considered
hydrides, nitrides, or oxides, rather than allotropes [19]; sometimes, the FCC phase is
considered phase segments that have been stabilized through defects [17]. In one study
by Chang et al., an FCC phase was found in cold-rolled CpTi, which they report as a Ti-
hydride. The hydrides may have occurred during specimen preparation, where hydrogen
was introduced during electropolishing. They report two possible orientation relation-
ships, either

{
1100

}
HCP ‖

{
110

}
FCC, 〈0001〉HCP ‖ 〈001〉FCC, or {0002}HCP ‖ {111}FCC,〈

1210
〉

HCP ‖
〈
110

〉
FCC [19]. However, the additive specimens prepared for this current

work were manually polished, so the FCC phase is presumed not to be a hydride in
this case.

An FCC phase may also form in CpTi from attrition milling (ball milling), as reported
by Manna et al. They claim that this FCC phase is unlikely to be a hydride, nitride, oxide,
or carbide; it is not impurity driven. Attrition milling introduces crystal defects, such as
dislocations and twins, that may be associated with this FCC phase due to their density
influence. Attrition milling causes grain refinement, nanocrystallization, increasing lattice
expansion, and plastic strain to occur, which could be responsible for this HCP to FCC
transformation. Negative hydrostatic pressure arises from these features, causing structural
instability [18].

An FCC phase in Al-Ti powder was also introduced from high-energy ball milling, as
reported by Zhang et al. Thin layers of Ti formed in particles after eight hours of milling,
and a small amount of an FCC phase was found. Powders were then heated, and it was
discovered that 321 ◦C was the onset temperature for the transformation of HCP to FCC to
occur. This phase is not assumed to be a hydride or an oxide. It is thought that the FCC
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phase forms from an endothermic transformation from heating the particles. Therefore,
longer milling times and the addition of heat activates the FCC phase [20].

AM subjects alloys to sudden thermal stress from the repeated heating cycles and
has the potential to introduce interstitials. Wang et al. reported an FCC phase occurring
in Ti-64, manufactured from laser powder bed fusion (L-PBF), due to oxygen interstitials.
They reported that the FCC phase has different lattice parameters than a hydride or oxide,
and conclude that the FCC phase forms from plastic deformation of the oxygen rich regions
through the cyclic thermal loading of AM. The oxygen diffusion, enhanced through heating,
from an oxide surface layer stabilizes the FCC phase. An orientation relationship was
reported as {0001}HCP ‖ {111}FCC,

〈
1210

〉
HCP ‖ 〈110〉FCC [17], which is similar to the

observations in this study.
Zhou et al. presented an FCC phase in a Ti/Al laminate made from ultrasonic AM. The

material is subjected to severe plastic deformation, so the HCP to FCC transition may have
formed to accommodate external strain. They claim the FCC phase is not a hydride but
develops from interface shearing during their ultrasonic AM process. Partial dislocations
were found in the proximity of the FCC phase, so it is expected that the gliding of Shockley
partial dislocations is also a cause of this phase. The same orientation relationship was
reported, namely, {0002}HCP ‖ {111}FCC,

〈
2110

〉
HCP ‖ 〈011〉FCC [25].

Considering the various studies briefly summarized above, the main causes of the
formation of an FCC phase in this work could be thermal gradients from cyclic thermal
loading, high densities of crystalline defects from processing, plastic deformation, the
diffusion of interstitials, and the movement of dislocations. It was also mentioned that the
FCC phase could be heat activated. When thinking about AM, it may make sense that the
slower scanning speed specimens exhibited a larger amount of this FCC phase. The heat
source travels across the surface more slowly, meaning it lingers in the recently deposited
material longer than at a faster scanning speed. This deposited material cools more slowly,
thus allowing more heat and time for the FCC phase to form compared with faster scanning
speeds. Due to sample preparation, it is unlikely that hydrides cause this FCC phase. Since
nitrogen was found in EDS scans, there may be some effect of the nitrogen interstitials in the
additive specimens. However, there is no apparent connection with the amount of nitrogen
found when considering the FCC phase since it encompasses a uniform distribution.
Additionally, X-ray diffraction analysis, as well as physical mechanical property evaluation,
would provide interesting complimentary information to this study but is beyond the scope
of this present work.

5. Conclusions

An FCC phase has formed in additively manufactured commercially pure titanium,
showing a Kurdjumow–Sachs orientation relationship between the parent beta phase and
FCC phase as {110}BCC ‖ {111}FCC, 〈111〉BCC ‖ 〈110〉FCC. This suggests the material
consisted of a complete beta structure at high temperatures and then transitioned to a com-
bination of FCC and HCP. A larger amount of the FCC phase was found in unidirectional
scanning patterns for the slower scanning speed specimens, while the cross-hatched pattern
for both scanning speeds showed a lower amount of FCC, indicating that the scanning
pattern could impact the formation of the FCC phase. Additionally, this FCC phase could
be influenced or activated by the heating of the additive process, suggesting scanning
speed could be a cause. The highest KAM averages belong to the FCC phase of the faster
scanning speed specimens due to faster cooling in the additive process, causing more
deformation in the material. There is a larger difference in KAM averages between Ti-α
and FCC phases for the faster scanning speed. The cross-hatched pattern for the Ti-α phase
shows the lowest KAM averages, while this pattern for the FCC phase shows the highest
KAM averages, illustrating that there could be some inverse relationships between the
Ti-α and FCC phases. The FCC phase must have more local lattice curvature and higher
GND density, relating to higher local plastic strain. Additional EBSD scans are necessary to
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identify clear relationships between EDS and KAM results and apparent trends throughout
the height of the build.
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