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ABSTRACT
Defects in parts produced by additive manufacturing, instead of simply being 
perceived as deleterious, can act as important sources of information associated 
with the complex physical processes that occur during materials deposition and 
subsequent thermal cycles. Indeed, they act as materials-state ‘fossil’ records of 
the dynamic AM process. The approach of using defects as epoch-like records 
of prior history has been developed while studying additively manufactured 
Ti–6Al–4V and has given new insights into processes that may otherwise remain 
either obscured or unquantified. Analogous to ‘epochs,’ the evolution of these 
defects often is characterized by physics that span across a temporal length scale. 
To demonstrate this approach, a broad range of analyses including optical and 
electron microscopy, X-ray computed tomography, energy-dispersive spectros-
copy, and electron backscatter diffraction have been used to characterize a raster-
scanned electron beam Ti–6Al–4V sample. These analysis techniques provide key 
characteristics of defects such as their morphology, location within the part, com-
plex compositional fields interacting with the defects, and structures on the free 
surfaces of defects. Observed defects have been classified as banding, spherical 
porosity, and lack of fusion. Banding is directly related to preferential evaporation 
of Al, which has an influence on mechanical properties. Lack-of-fusion defects can 
be used to understand columnar grain growth, fluid flow of melt pools, humping, 
and spattering events.
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GRAPHICAL ABSTRACT 

Introduction

Metals-based additive manufacturing (AM) has 
evolved considerably since the early systems due to 
both technological advancements (hardware) and 
improved computer-aided design tools (software). For 
the last 20 years, researchers have sought to under-
stand the complex physics associated with the proto-
typical layer-by-layer nature of AM processes and the 
influence of various AM methods, process parameters, 
and melting strategies on final parts [1–13]. However, 
while great insights have been made in recent years 
(e.g., [14–19]), many details remain hidden from sight, 
lying beneath the surface of the molten pool. Efforts to 
probe details such as melt pool dynamics and defect 
formation are hindered due to experimental limita-
tions, including spatial and temporal resolutions, 
the opacity of the molten pool, complex temperature 
fields, and the fact that the material is intrinsically 
non-uniform in respect to temperature, density, com-
position with anisotropic, spatially varying thermo-
physical properties of all types.

Briefly, additive manufacturing has many benefits 
over traditional manufacturing processes, including 
a reduction in manufacturing time, the enablement of 
complex and customized geometries, and the poten-
tial to create multi-material parts [20, 21] or materi-
als with hybrid and/or meta-material characteristics 
[22, 23]. Within the wider titanium community, it is 

accepted that AM significantly reduces the buy-to-fly 
ratio, eliminating the conversion of high-valued start-
ing material into waste [20].

For the case of metals and alloys, various fusion-
based AM techniques are available and can be catego-
rized according to, among other characteristics, their 
feed-stock and material delivery systems (e.g., wire-
fed, powder-blown, or powder bed processes), and 
energy sources or variants (e.g., laser beam, electron 
beam, laser hot wire) [2, 20]. When considering physi-
cal phenomena, similarities exist between those active 
during these manufacturing methods and those active 
during casting, welding, or other thermomechanical 
processes. However, AM is sufficiently different so 
that any assumptions of local thermal equilibrium 
must be rejected, and the various equations, models, 
and simulation tools developed for these traditional 
metals processing routes cannot be applied directly 
[2, 24–27], or, if applied, have non-trivial uncertainties 
associated with the predicted outputs. To overcome 
these basic science/knowledge gaps, efforts are under-
way to better understand the physical processes that 
occur dynamically during the thermal cycling within 
an AM process, including finite element modeling of 
the thermal conditions [28, 29], in situ observations of 
the build processes [30, 31], and post-build analyses of 
resulting characteristics such as texture, microstruc-
ture, and materials properties [2, 24]. By comparing 
certain characteristics of the materials state [13, 32–34], 
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including those typically considered to be detrimental 
(e.g., pores, lack-of-fusion defects), studying features 
that give insights into the physical and thermome-
chanical mechanisms at play [11] during AM processes 
is possible.

The nature of AM powder bed fusion processes is 
such that local regions experience multiple tempera-
ture cycles as a result of the layer-by-layer approach, 
which can result in materials whose mechanical prop-
erties are not only anisotropic, but also spatially het-
erogeneous [35–42]. These variations are due to several 
factors, including, but not limited to: (i) the remelting 
and/or reheating of volumes due to continued deposi-
tion; (ii) the scan strategies themselves, which can be 
varied and include both raster scan and spot scan; and 
(iii) the materials thermophysical properties. These 
factors will have an influence on heat and mass trans-
port, fluid flow, geometry and size of melt pool, and 
vapor plume, among others.

Microstructural defects in AM are generally attrib-
uted to a combination of one or more unintentional 
variations of composition, process (e.g., powder layer 
thickness, heat input), or external materials interact-
ing with the melt pool during the process (e.g., gas-
ses in the build chamber or from within the powder 
particles, powder/wire contamination) [1, 2, 43]. High 
thermal gradients can lead to non-uniform vaporiza-
tion of elements (including contaminants) from the 
raw materials [2, 11, 30]. Fluid dynamics of melt pools 
can lead to solute segregation and movement of pores 
(keyholing, dragging bubbles to the tail end of melt 
pools, etc.) [2, 11, 21]. Compositional variations can 
lead to microstructural characteristics [2, 11, 20], such 
as banding, which results in anisotropic properties 
across layers, while effects from fluid dynamics can 
lead to anisotropy within a single layer.

Some of the most commonly studied defects in 
powder-based AM processes are voids and pores (i.e., 
lack-of-fusion defects, keyhole pores, gas porosity), 
and cracks of various types (i.e., hot tearing, liquation 
cracking, or cracking arising from thermomechani-
cal cycling). Lack-of-fusion (LOF) defects in AM are 
a result of incomplete fusion of the material by the 
heat source by either insufficient melt pool overlap 
within layers, improper wetting, or insufficient melt 
pool penetration [44]. Keyhole pores are created when 
heat sources with a sufficiently high power vaporize a 
portion of the sample, leaving behind bubbles of dif-
ferent sizes that are typically spherical in nature for 
raster scan strategies [2]. Gas porosity is also spherical 

in nature, but results from entrapped gases, from the 
build chamber (in laser based processes, since electron 
beam processes are performed in vacuum), the pow-
der itself, or volatilization and condensation of lower 
boing point metallic species [45–48].

In general, LOF defects negatively impact mechani-
cal properties, and in extreme cases (i.e., large defects, 
sharp corners of the defect(s), unmelted powder parti-
cles, contaminants) can lead to high stress concentra-
tions and eventually unexpected or early failure of the 
part [1, 20]. Thermal cycles, including those happen-
ing during AM, are known to generate stresses, and if 
the thermal properties of the material cannot accom-
modate these stresses, or the geometry includes sharp 
corners (either the geometry of the part or the geom-
etries of defects generated during the build process), 
cracks can be formed, which can limit the use of the 
part [49, 50]. Separately, hot cracking can occur for a 
number of reasons, including: in alloys with mechani-
cal and/or thermal constraints (i.e., high solidification 
shrinkage or large thermal contraction), when liquid is 
trapped between dendrites or liquid films are present 
along grain/nuclei boundaries (liquation cracking), or 
by excessive energy input [19, 51–53]. There is a dearth 
of literature on additive manufacturing that links LOF 
defects and the complex and interconnected physical 
mechanisms that are associated with the AM process 
(e.g., liquid flow, Marangoni convection, wetting), 
their formation, and their evolution.

This work presents observations from different 
types of defects and interprets their salient character-
istics to reveal information about the physical mecha-
nisms that are operating in a rastered electron beam 
melted (EBM) powder bed AM Ti–6Al–4V part. For 
example, compositional analysis of microstructural 
variations, and the way these variations interact with 
defects within a layer, can reveal information about 
fluid flow in AM builds, including solute variations 
within the liquid state. Conversely, relationships 
between microstructural defects such as banding can 
be an indicator of vaporization of select elements, in 
this case aluminum, which influence the mechanical 
properties of the material. Non-destructive evaluation 
using X-ray Computed Tomography can give insights 
into shape, sizes, and the distribution of defects and 
potentially determine regions of interest for further 
analyses and highlight differences in process phe-
nomena which can lead to their non-random distri-
butions. Lack-of-fusion defects have a large influence 
on columnar grain growth in the β temperature region 
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for Ti–6Al–4V. The presence of lack-of-fusion defects is 
related to spatial–temporal variations in energy (for a 
given volume), which is commonly related to the elec-
tron beam slowing down when changing direction, 
as well as to the interactions of new melt pools with 
already contoured regions, as these defects are primar-
ily located at the sample edges. However, there may 
be other causes. The LOF defects represent submerged 
(or partially submerged) defects, and thus can provide 
exceptional ‘fossil’ records of phenomena such as sur-
face rippling (i.e., humping) or spattering, as well as 
acting as markers of local thermal conditions and ther-
mal cyclic history. These observations record events 
that occurred at those locations that would be difficult 
to analyze using conventional or even emerging in situ 
monitoring sensors. Thus, we can draw new insights 
into not only the defects themselves, but associated 
features that can permit either the further optimization 
of process conditions or the improvement of multi-
physics models of the process itself.

Experimental procedure

Ti–6Al–4V square prisms (15 mm (X) x 15 mm (Y) x 
25 mm (Z, build direction)) were produced at Oak 
Ridge National Laboratory Manufacturing Demon-
stration Facility (ORNL MDF) using an ARCAM EBM 
Q10plus system. The build chamber was kept at a 
pressure of 4.5 ×  10−2mBar and a preheat temperature 
of 470 °C. A stainless steel build plate and TEKNA 
plasma atomized powder with a particle size ranging 
from 45 to 105 µm (−140/ + 325 mesh) used during the 
build. The layer thickness was 50 µm. The scan strat-
egy that was adopted for these samples was a linear 
raster (serpentine) scan at a speed of 4550 mm  s−1. The 
incident beam was set so that it had a beam current of 
28 mA and a beam power of 1200W. Before the elec-
tron beam started rastering across a layer, a contour-
ing scanning strategy melted the edges of each layer. 
The raster path direction was rotated by 67.5° after 
each layer.

The as-built samples were sectioned vertically using 
electrical discharge machining (EDM). The EDM’d 
surfaces were ground and polished using traditional 
metallographic sample preparation techniques, com-
pletely removing the EDM recast layer. Samples were 
imaged using an FEI Teneo LoVac field-emission scan-
ning electron microscope (SEM) equipped with both 
energy-dispersive spectroscopy (EDS) and electron 

backscatter diffraction (EBSD) from Oxford analytical 
instruments. Optical microscopy (OM) mosaics were 
obtained using a Zeiss inverted optical metallographic 
microscope after the sample was etched with Kroll’s 
reagent. SEM images and EDS and EBSD maps were 
acquired with the same settings, 20 kV and 0.8nA. EDS 
maps were collected using a grid of 256 × 176 pixels; 
EBSD maps had a step size of 0.5 µm. SEM images 
were used to characterize microstructural features 
such as basketweave volume fraction and α lath 
width, as described in [54–56].

Two 1.5 mm × 1.5 mm × 12.5 mm ‘toothpick’-like 
sub-scale volumes were excised from one of the 
edges of one sample using commercial precision 
EDM machining and analyzed with a 225 kV X-ray 
computed tomography (CT) system, with a recon-
struction voxel size of 6 µm × 6 µm ×12 µm. After-
ward, these small volumes were serially sectioned, 
polished, etched using Kroll’s reagent, and imaged 
using a Robo-Met.3D® system [57] equipped with a 
Zeiss optical microscope and capable of optical serial 
sectioning by repeated and computer-controlled 
grinding, polishing, etching, and imaging to provide 
data for subsequent three-dimensional reconstruction. 
Images from all three analysis methods (OM, SEM, 
and CT) were analyzed using MIPAR image analysis 
software [58], including the 3D reconstruction using 
the integrated 3D Toolbox. MATLAB was used to plot 
EDS maps for easier comparison, and the MTEX 5.7.0 
toolbox [59] within MATLAB was used for analysis of 
EBSD results.

Additionally, powder used for the manufacture of 
these builds was analyzed using the FEI SEM in both 
its virgin (unused) and used (from the build cham-
ber) states. To investigate the effect of thermal his-
tory on free surfaces of Ti–6Al–4V particles, unused 
powder was wrapped in pure titanium foil, sealed in 
glass ampules under argon and with a piece of pure 
titanium sponge (to prevent/minimize oxidation), 
and sintered for two hours. One ampule was sintered 
at 925 °C, below the β-transus temperature, while a 
second ampule was sintered at 1025 °C, above the 
β-transus. The resulting sintered powders were also 
imaged in the SEM.

COMSOL Multiphysics® software, version 6.0 
(released December 2021), was used to conduct finite 
element simulations, invoking the structural mechan-
ics physics and linear elastic module nodes to simu-
late various physics within the Ti–6Al–4V sample. 
Specifically, the damage subnode was used to analyze 
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results under tensile forces, modeled as a prescribed 
displacement. The sides of the modeled part were free 
surfaces, with the bottom surfaces as fixed constraints 
and the prescribed displacement applied to the top 
surfaces. The mesh was auto-generated by COMSOL 
using the ‘extra fine’ parameters, with the number of 
mesh vertices and elements varying with the geom-
etry. The 2D models had an average over 50,000 ele-
ments, while the 3D model had over 650,000 elements. 
The prescribed displacement was generated by per-
forming an auxiliary sweep from 0 to 0.18 mm with a 
step size of 0.02 mm. The properties of Ti–6Al–4V used 
in the simulations were taken from [60]. Within the 
damage subnode, the phase field damage model was 
used with elastic strain energy density as the crack 
driving force.

Results and discussion

Figure 1 is an optical image mosaic of a section of the 
sample, showing the presence of defects of different 
types throughout the sample, including LOF defects, 
spherical pores, and banding. The larger LOF defects 
are primarily located close to the edge of the sample 
(left side of the image). The spherical pores are of a 
length scale to not be easily observed in the mosaic 
image, but are resolvable in individual images. The 
bands that are perpendicular to the build direction 
 (Z+) throughout the sample appear as alternating dark 
and light adjacent ‘linear’ regions and are more easily 
distinguishable at the edge of the sample (left side of 
the image). Faintly in the background, features appear 
parallel to the Z-axis, and extend across many of the 
alternating light and dark bands. These share a direc-
tionality with columnar grains.

Banding

The alternating light and dark bands, parallel to the 
XY plane, observed in the optical micrographs (Fig. 1) 
showed no consistent thickness throughout the build 
height. The band thickness measurements ranged 
from 15 to 430 µm and depended on subjective vis-
ual determination of band location. These bands are 
not directly correlated with the programmed process 
layer thickness, which is 50 µm. Serial sectioning con-
ducted on a sub-scale volume of the sample (i.e., one 
of the 1.5 mm × 1.5 mm × 12.5 mm ‘toothpick’ sub-vol-
umes excised from the edge of the sample) was used to 

reconstruct these bands in 3D, and their reconstruction 
is shown in Fig. 2. During the reconstruction of the 2D 
optical microscopy data into 3D volumes, multiple steps 
are required. The first step involves image processing, 
in which the dark bands in every optical micrograph are 
segmented (Fig. 2a, b). This step is a manual process, 
as competing contrast mechanisms are present. Follow-
ing segmentation, the second step involves the applica-
tion of a materials science inspired image processing 
software (MIPAR) and its 3D toolbox to perform a 3D 
reconstruction of the segmented dark bands (Fig. 2c, d). 
Notably, the 3D reconstruction (Fig. 2d) showed that 
bands are consistently aligned with the XY plane  (Z+ is 
the build direction), strongly suggesting that the physics 

Figure  1  Optical mosaic of a portion of the sample showing 
banding (light and dark lines), spherical pores, and LOF defects 
throughout the build height. The right side of the mosaic is the 
centerline of the sample, as it was sectioned with electrical dis-
charge machining from top to bottom, hence the straight line; 
the left side of the mosaic image is the edge of the sample where 
the superficial roughness of the electron beam melting process is 
observed. Note that the ‘square’ or notched cutout at the top right 
corner of the mosaic corresponds to the cross section through 
a sample ID label included in the print design. The region with 
the majority of the LOF defects is noted below the mosaic and 
extends throughout the build height (Z-direction). Magnified 
images of a randomly chosen spherical pore and a randomly cho-
sen region with two LOF defects are shown
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responsible for the banding act uniformly in the prin-
cipal plane of the molten pool (mainly horizontal). The 
curvature observed at the edges/ends of the dark bands 
in Fig. 2b can be explained by melt pool morphology as 
two convex liquid pools come together, and are consist-
ent with successive rasters with an elongated and trail-
ing molten pool. As shown in Fig. 2a, the location where 
two melt pools make contact creates conditions where 
certain LOF defects can be formed, as the liquid mate-
rial would need thermal energy to overcome capillary 
forces, fill the space, and wet/melt both surrounding 
material in the current layer and the previous one [61]. 
Causes for this banding phenomenon will be discussed 
in the next section.

Compositional fields and interaction 
with defects

Compositional analysis of the observed microstruc-
tural bands (Figs. 1 and 2a) using EDS showed that 

the bands represent spatial variations of composition 
in the as-deposited material (Fig. 3). The darker bands 
generally correspond to lower aluminum content, 
while lighter bands generally correspond to higher 
aluminum content. Subtle deviations from these 
general trends can exist due to local variations in the 
microstructure. Notably, the top most regions of the 
build, including the top (left-hand side of Fig. 1) and 
the notched region (upper left part of Fig. 1), repre-
sent the last volumes that were melted and solidified 
and are also darker bands. The pervasive variations 
in composition throughout the bulk of the build, and 
thus the banding phenomenon itself, are consistent 
with the preferential vaporization of aluminum from 
the surface of melt pools in vacuum environments [2, 
62, 63] and the subsequent creation of volumes of liq-
uids with different compositions and thus different 
densities and thermophysical properties. This solute 
differentiation, with a spatial variation, is responsi-
ble for the uneven nature of the bands. Similar effects 

Figure  2  Banding observed in the samples: (a) optical micro-
graph showing banding and a lack-of-fusion defect formed 
between adjoining melt pools, (b) segmentation of dark bands 
(black color) and light bands (white) from the image shown in 
(a), (c) planar (XZ) view of the three-dimensional reconstruction 
of serial sectioning images of the dark bands showing this phe-

nomenon (banding) as being a ‘flat’ and horizontal (XY) effect of 
the interactions and physics of melt pools, and (d) a three-dimen-
sional view of the same reconstruction showing the flatness and 
continuity of the bands. For all (a), (b), and (c) images, the build 
direction is upwards
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have been reported in other titanium alloys produced 
through AM methods [11, 64–66]. Given the expected 
effects of convection in AM processes, including both 
natural and Marangoni convection, the retention of 
this distinctive banding indicates that solidification 
proceeded faster than convective fields could redis-
tribute (and mix) the different liquid compositions.

Figure 3a, b shows local, microscopic chemical vari-
ations surrounding a gas pore. The concentrations in 
the aluminum content on opposite sides of the pore 
are not symmetrical, with a higher concentration on 
the left side and lower concentration on the right side. 
Such an asymmetric variation hints at a phenomena 
associated with surface energies (e.g., Marangoni 
convection) where a pore may be dynamically cou-
pled to a compositional fluctuation during fluid flow. 
In addition, the low Al band on top of the pore also 
seems to be interacting with the upper surface of the 
pore, further indicating a possible interaction due to 
capillary forces and fluid flow differences generated 
by the presence of complex compositional gradients, 
or less likely through a local mechanical contraction 
upon cooling. Figure 3c, d offers insights into the 
compositional variations surrounding LOF defects. 

There are four distinct features. Firstly, the shape of 
the defect might best be described as a ‘sideways T,’ 
indicating this is a complex 3D defect. As evidenced 
later in this paper, this is distinctly different from 
other more typical LOF defects which are constrained 
within a 2D plane. Secondly, the left quarter of the 
compositional map clearly shows evidence of the con-
tour passes, whereas the right (3/4) of the map is of the 
raster scan region. Thirdly, there is a pronounced dif-
ference in Al above and below the horizontal portion 
of the defect. Lastly, there is a compositional ‘zig-zag’ 
as indicated by the letter Z in Fig. 3d, which indicates 
that the liquid convection in the molten pool was dis-
rupted, likely here by the previously solidified contour 
pass. These features have been interpreted to propose 
a possible formation mechanism and evolution of this 
particular defect (see Fig. 4a–f).

In Fig. 4a, an arbitrary junction between the contour 
pass (left) and raster scan (right) presents the start-
ing state. The next pass to occur would be a raster 
scan, which has stratified compositional bands. Upon 
interacting with the previous solidified contour pass, 
a portion of the stratified composition band is ‘folded,’ 
leading to the ‘zig-zag’ feature. Following another 

Figure 3  Compositional 
variations of bands. (a) 
back-scattered electron (BSE) 
image of a gas pore with 
its EDS map (b) showing 
low Al and high Al bands, 
(c) BSE image of a region 
surrounding a lack-of-fusion 
defect with its EDS map (d) 
showing variations in the Al 
content, and (e) BSE image 
of an area away from pores 
or LOF defects with its EDS 
map (f) also showing Al 
variations. The defect in (a) 
is from the top third of the 
sample, near the centerline; 
the defect in (c) is from the 
bottom third of the sample, 
near an edge; and the field of 
view pictured in (e) is from 
the top third of the sample a 
distance approximately 1/3 
the sample’s width from the 
edge
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contour pass (Fig. 4c), the next raster pass (Fig. 4d) 
experiences insufficient energy density1 for complete 
melting, resulting in two interpretable ‘fossils,’ namely 
the in-plane (2D) lack-of-fusion defect and the greater 
overall Al concentration. The next contour, also expe-
riencing a (likely) insufficient energy density, does not 
result in sufficient fusion below the surface (Fig. 4e). 
Upon cooling, the contour and raster will contract, 
resulting in an opening of the original lack-of-fusion 
gap (Fig. 4f).

Taken together, the interaction of the compositional 
fields with these defects gives the following insights. 
Both the prior passes and the defects (both spherical 
pores and LOF) interact with the fluid flow through 
various physical mechanisms, including, for exam-
ple, geometric configurations where surface tension 
and capillary forces dominate, or at the very least 
play an important obstructing role during mixing of 
the heterogeneous stratified liquids in the melt pool 
generated by vaporization of elements, resulting in 
unique compositional signatures around defects. The 

Al concentration appears to be higher in regions that 
would be colder relative to adjacent regions. Notably, 
Fig. 3e–f shows Al-rich and Al-lean bands present in 
the sample in an area away from any defects. These 
bands appear flatter and more uniform than those 
observed surrounding pores and fewer ripples (or tur-
bulence) are observed, supporting these insights into 
the interactions of defects and bands.2 The data also 
indicates that compositional variations are not affected 
once the material has solidified, i.e., solid–solid phase 
transformations do not alter these mesoscopic com-
positional variations. This observation is not surpris-
ing, given the solid-state kinetics and relatively large 
diffusion distances. Banding can thus be related to 
aluminum vaporization upon initial melting, or dur-
ing subsequent cycles which raise the temperature 
enough to induce further melting and vaporization, 
and not during subsequent thermal cycles that do 
not exceed the liquidus and only contain solid–solid 

Figure 4  Schematic of evo-
lution of the lack-of-fusion 
defect shown in Fig. 3c, d

1 Of note, the interpretation of insufficient energy density is of the 
total local available energy density, comprised of the beam energy, 
the thermal mass of the deposition, any perturbations in local heat 
transfer, and the mass of material to be melted.

2 This observation of extended compositional fluctuations around 
defects is novel and may provide new methods of identifying and 
interpreting defects using nondestructive evaluation techniques [18, 
19, 67, 68], as the volume of distinctively different material is larger 
than the pore. Although banding has previously been observed, to the 
authors knowledge, the interactions of composition with defects have 
not been reported in the literature.
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thermomechanical gyrations [42, 62, 69, 70]. Notably, 
these spatial variations in Al concentrations will alter 
the liquidus, and thus, local variation in melting/solid-
ification may occur.

More unique compositional features beyond sim-
ple horizontal banding reveal information about fluid 
flow within melt pools which may be more related to 
solute segregation following initial vaporization. The 
concentric ripples observed in the presence of spheri-
cal pores (Fig. 3b) and unique variations such as the 
Z-shaped region of relatively higher aluminum con-
tent under the LOF defect indicated with an arrow in 
Fig. 3d suggest that the fluid flow within the molten 
pool plays a larger role in the compositional varia-

tion phenomenon than previously thought. Given the 
length and time scales at which melting and solidifi-
cation processes occur during AM, especially when 
the heat source rasters across a powder layer, surface 
tension effects (i.e., Marangoni convection) are respon-
sible for much of the fluid flow within the melt pools 
[1, 21]. This fluid flow has the largest effect on pore 
formation and entrapment for spherical porosity [12]. 
The forces associated with buoyancy and gravity are 
also present in melt pools but can often be disregarded 
as they have a negligible effect compared to the influ-
ence of surface tension [21, 71]. As the melt pool cools, 
drag becomes the dominating force [12, 21, 72]. The 
conjunction of these fluid flow forces with the pres-
ence of defects is also responsible for exacerbating rip-
ples and turbulent signatures (‘fossils’) not observed 
in regions without defects. Notably, the kinetics of 
solidification must occur on a time scale that prevents 
large-scale mixing, allowing for the creation of such 
compositional features in the final build as post-build 
static informants. Examining compositional fields in 
regions around defects, including larger LOF defects 
which will have a greater impact on fluid flow, can 
thus be used to delve into the fluid flow of melt pools 
as well as give insight into the kinetics of solidification, 
given the high thermal gradients and fast cooling typi-
cal to AM processes.

The significance of the compositional variations and 
their influence on the resulting materials state, locally 

and globally, can be considered by particularly exam-
ining the influence of aluminum on the properties 
of the alloy. Firstly, Al has a strong influence on the 
β-transus temperature of Ti–6Al–4V. With local vari-
ations in composition of over 1wt% in some regions, 
any heat treatment or thermal process that hovers near 
the β transus will thus result in different effects in the 
differing compositional regions. Secondly, Al has a 
strong influence on the mechanical properties of the 
alloy as well, as shown previously by [73, 74]. Using 
the work of Hayes et al., and keeping all other vari-
able values equal, aluminum concentration x

Al
 can be 

directly related to the yield strength of the material 
[74]:

where x
i
 is the weight fraction of element i in the 

alloy, Fi
V

 is the volumetric phase fraction of either 
phase (α/β) or microstructural feature (colony-col/
basketweave-BW) i , t

i
 is the thickness of feature i , 

AxisDebit corresponds to the texture debits (easier 
slip), and �MGb

√

� is the Taylor hardening equation. 
As compared to the nominal composition (6wt% Al), 
a small loss of 0.2wt% Al would lead to a decrease 
in yield strength of ~ 2%. A more significant loss of a 
further 1wt% Al (down to 4.8wt% Al) would lead to 
a decrease in yield strength of ~ 14%. Beyond using 
compositional fields to reveal information about AM 
processes, they must also be considered when assess-
ing the final materials state of parts.

Lack‑of‑fusion (LOF) defects

LOF defects themselves have a preferential location 
relatively close to the edge of the sample (Fig. 1) 
but with a ‘healthy skin’ between the defects and 
the edge. The skin is the direct result of the contour-
ing deposition pass that was performed before each 
layer was deposited using a raster scan fill strategy. 
The LOF defects appear in a manner that has been 
described as chimney-like [75], as they are located 
through the entire build height (Figs. 1 and 5), from 
bottom to top, and in the same approximate XY loca-
tion in every layer. X-ray CT data (see Fig. 5) recon-
structed using the MIPAR 3D toolbox show that 
these defects are relatively flat with major axes in 
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the horizontal (XY) plane (Fig. 5c–e) and a relatively 
small height (Z-axis). The morphology strongly sup-
ports the hypothesis that these defects are the result 
of a melt pool not being able to wet and/or melt the 
previous layers, creating local gaps between lay-
ers. The mechanism may be similar to that shown 
in Fig. 4c–d, where the liquid raster interacts with 
the contour in a way to create these LOF defects. 
The preferential location of LOF defects is corre-
lated with programmed changes in the power and 
the velocity of the electron beam decelerating near 
the edge before turning around and continuing the 

next pass, with the beam providing less energy to 
the material and thusly changing the wetting and 
thermal properties of the melt pool. These results, 
coupled with other results where the power and 
velocity are not changed thereby leading to spheri-
cal pores forming as a result of a dominant keyhole 
mode [76, 77], indicate that the balance of power and 
velocity is critically important in these locations and 
that there is still a need to optimize the balance to not 
only avoid spherical porosity formation due to exces-
sively deep keyholes [31], but also the formation of 
these lack-of-fusion defects shown here.

Figure 5  Reconstructed 3D LOF defects from an X-ray CT scan 
of a stick sub-sample excised from the edge of the build: side (a) 
and isometric (b) views. (c–e) Examples of defects with diverse 

shapes and sizes, but which are all flat (XY direction). Subfigures 
(b), (c), (d), and (e) have the same 3D orientation
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Extrapolating from the X-ray CT data, considering 
the resolution of the technique (anything < 432 µm3 
is not resolvable3) and working on the assumption 
that almost all lack-of-fusion porosity is limited to 
the edges of the sample with only a few exceptions 
(as observed from optical micrographs and mosaics 
such as Fig. 1), the volume fraction of LOF defects 
in the full build (15 mm × 15 mm × 25 mm) would be 
close to 1.51 ×  10–4 (0.0151%) distributed in approxi-
mately ~ 10,000 defects of different sizes (average 
equivalent diameter to a sphere of 23.8 µm with a 
standard deviation of 22.1 µm) [58, 78]. The larg-
est defect that was observed and measured in CT 
had dimensions of 111.7 µm × 369.5 µm × 651.1 µm. 
The majority (~ 80%) of the pores (Fig. 5a and b) 
have equivalent diameters < 30 µm. The roundness 
(measured in their XY plane) of defects ranges from 
0.2 to 1, with an average of 0.7, where a roundness 
value of 0 would be a straight line, and a value of 
1.0 would be a perfect circle [78]. As presented by 
Wolff et al. [79], pores with a higher roundness 
value (more circular) can be related to lower cool-
ing rates (0–500 K  s−1 for directed energy deposi-
tion AM Ti–6Al–4V), while less round pores can be 
related to higher cooling rates (> 1500 K  s−1). Pores 
with higher roundness value approximate spherical 
morphologies and can be a result of keyholing [72] 
or entrapped gases [11], in raster scan strategies. The 

Ti–6Al–4V material presented in this paper has been 
analyzed previously, and gas pores of an equivalent 
size have been identified in the virgin powder prior 
to deposition [11]. Figure 6 shows the distribution of 
equivalent diameter and roundness. Spherical pores, 
defined as those defects with a roundness of 0.9–1.0, 
only account for 30% of the total dataset. However, 
the analysis shows that there exists a small cluster of 
large defects (110–150 µm) with a roundness of ~ 0.35 
(considerably below the average).

During the application of these materials, the knowl-
edge of the distribution of defects, particularly the 
larger LOF defects that can be present in AM processes, 
can be used in the determination of potential failure 
mechanisms. The effect of defects on the mechanical 
behavior of the part is a complex problem that requires 
the consideration of the size and shape of the defect, 
proximity of neighboring pores, geometry of the part, 
location of the defect in the part, possible thermal gra-
dients (cyclic due to the AM nature of the process), pro-
cessing parameters (e.g., type of AM, material, power, 
dwell time/beam speed, layer height), and the number 
of features overall, among other factors. A full physics 
modeling and simulating effort to study the influence 
of all of these factors individually, as well as in combi-
nation, would be beneficial in understanding the role 
they play in the resulting mechanical behavior, but this 
would likely require a more complex structural mechan-
ics approach, including potentially linking in crystal 
plasticity, and is thus beyond the scope of this paper. 
However, simplified models of damage considering 
ellipsoid/ellipse voids, to represent large LOF defects, 

Figure  6  Distribution of defect measurements from the recon-
structed 3D data of Fig.  4. Data displayed is (a) distribution of 
equivalent diameter and (b) roundness versus equivalent diam-
eter, showing a cluster of lack-of-fusion pores and a tail end of 

very small and very circular pores. Roundness values close to 0 
represent flat and elongated ellipses. A value of 1 represents a 
circle

3 This number comes from a ± 2pixel resolution of the X-ray CT 
dataset scaled into the dimensions of the sample 6  µm x 6  µm x 
12 µm.
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were used to show the influence of defects on damage 
fields after being subjected to tensile forces. The geom-
etry and position of the defects was randomly gener-
ated in COMSOL and based on experimental results 
(sizes and shapes) of the previously presented CT data, 
meant to represent a ‘worst-case’ scenario, such as the 
region high in porosity at the edge of the sample. Con-
sidering the distribution and number of large defects 
detected through X-ray CT, for 2D models, 30 ellipses 
were thus introduced to a 1.5 × 25 mm geometry; while 
for the 3D models, 100 ellipsoids were introduced to 
a 1.5 × 1.5x25mm geometry (same size as the sample 
shown in Fig. 5a, b).

The 2D models (Fig. 7a–c) were exercised for multi-
ple geometries to better elucidate the influence of the 
defects. Each 2D model was executed with the same 
materials properties and model conditions; only the 
defect geometry (i.e., the placement and size of the 
ellipse defects) was altered. Extending the modeling 
to 3D (Fig. 7d) reveals similar results. Phase field mod-
eling, as shown through the crack phase fields in Fig. 7b, 
is an extension of the Griffith fracture theory and models 
crack propagation through scalar fields [80]. The dam-
age variable output in COMSOL (Fig. 7c, d) represents 
the amount of deterioration due to crack growth. This 
damage evolution function, unitless, can be modeled by:

where d is the damage variable as a function of the 
crack phase field ( � ) and m is a coefficient whose value 
represents the parametrized degradation, m = 2 for 
quadratic (as was the case shown in Fig. 7c, d), m = 3 
for cubic, etc. [81–83]. The crack phase field ( � ) is a 
function of stress ( � ), elastic modulus ( E ), and strain 
( � ) as follows [81]:

In some models, the crack phase field and damage 
variables remained at or near 0 excepting a single 
region where the crack occurred, showing a high 
preference for a local stress concentration. In other 
models, such as the center of the three 2D models 
shown, multiple regions throughout the model led 
to stress concentrations and/or cracking. The degree 
of cracking is indicated in both the crack phase field 
and damage variables (Fig. 7b–d), with regions near-
est the cracks experiencing values greater than 0.3, 
with 1 being the maximum possible value and an 
indication of the crack location(s). In both the 2D and 
3D models, the regions of highest damage were not 

(2)d(�) = 1 − (1 − �)
m

(3)� =

√

�

E�

Figure 7  Finite element simulations of cracking (brittle behav-
ior modeling) of Ti64 models with defects. (a) 2D geometries of 
three models with 30 randomly generated ellipse defects in each 
one of the 1.5 × 25  mm rectangles, changing the size and loca-
tion of the defects in each; (b) crack phase fields, plotting φ , after 

identical applied tensile forces to the three 2D models shown in 
(a); (c) damage fields d(�) after identical applied tensile forces to 
the models shown in (a) and (b); and (d) the damage field after 
an applied tensile force to a 3D model with 100 ellipsoid defects
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only those regions which had defects close to the 
edge of the sample, but those which had multiple 
defects present in their vicinity.

Lack-of-fusion defects in AM can be a result of 
several mechanisms, which often interact with and 
compete against each other [44, 84–86]. The morphol-
ogy of LOF defects can lead to additional detrimental 
features as well, such as the crack shown propagating 
from the upper left corner of the defect in Fig. 8a and 
inset. When considering the finite element simulation 
of ellipsoids above, in addition to the size, shape, and 
proximity of defects, uniaxial tensile loads or cyclic 
loads (i.e., fatigue) can exacerbate cracking initiated 
in sharp corners of the LOFs [49, 50].

Figure 8b shows crests and valleys on the floor of 
the LOF defect, known as humping transition or sim-
ply humping, formed as a result of instabilities of the 
melt pool due to surface tension effects in combina-
tion with backward fluid flow [86–89]. These capillary 
instabilities are known to be caused by low energy 
input from the electron beam [86, 87]. Another LOF in 
the same general region (Fig. 8d) experienced another 
phenomenon caused by low energy input, spattering. 

Spattering is the term for small, melted spheres ejected 
or spattered from surrounding melt pools [86]. If the 
spattered particles are large enough, they can create 
topological surfaces (XY plane) resulting in unevenly 
spread powder (different amounts of powder in differ-
ent locations of the layer). However, in the case shown 
in Fig. 8d, the presence of spattering can be used to 
create a timeline for the formation of different defects. 
To observe spattered material on the walls of a LOF 
defect means the defect was already formed (or at least 
this wall of the defect was already formed) when the 
spattered material was ejected from surrounding melt 
pool(s). A schematic for the evolution of this defect 
with spatter (Fig. 8d) is shown in Fig. 9.

Void free surfaces, microstructural relief, 
and thermal grooving

The internal free surfaces of LOF defects can also show 
evidence of fluid flow (Fig. 8a, b), hinting at the time 
period these defects spend at elevated temperatures. 
Figure 8b and d shows indications of the solid-state 

Figure 8  LOF defects with different characteristics: (a) an over-
hanging/partially melted powder particle and fluid flow (hump-
ing [H]) on the ‘floor’ of the cavity, and a crack on the upper left 
side of the defect with a magnification of this region in an inset; 
(b) humping [H] (lower part of the defect) and microstructural 
relief including thermal grooving [G] (ceiling and back wall); (c) 
a defect with very acute angles in the top and right tips acting 
as stress concentrators, and fluid flow evidence [H] on the wall, 
floor, and ceiling; (d) a larger LOF defect which extends through 

more than a single build layer (i.e., > 50 µm in height) showing 
spattering [S] and solid-state transformations (microstructural 
relief) in the back wall. The defect in (a) is from the bottom third 
of the sample, a distance approximately 1/3 the sample’s width 
from the edge; the defect in (b) is from the bottom third of the 
sample, a distance approximately 1/3 the sample’s width from the 
edge; the defect in (c) is described in Fig. 3; and the defect in (d) 
is from the bottom third of the sample, approximately 4 mm in 
from the sample’s edge
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transformations known as microstructural relief (see 
’ceiling’ of Fig. 8b and ’back wall’ of 8(d)), which 
reveal information about which mechanisms of for-
mation are at play and the timeline formation of these 
features.

Analysis on the internal free surfaces of defects can 
be used to deduce some details of the local thermal 
history. A series of experiments on powder particles 
were conducted to study the effects of temperature 
for identical hold times (above and below the β tran-
sus). The initial step in this particular mini-experiment 
was the imaging of both virgin (i.e., powder in its as-
received state, before AM or sintering experiments) 
and used (i.e., powder extracted from the AM build 
chamber after the samples were printed) powder. 
Virgin powder (Fig. 10a, b) showed a combination of 
smooth surfaces along with impact-deformed surfaces 
(with plates, similar to tectonic plates, protruding and 
with evidence of movement after impact by a smaller 
and presumably solid, colder, and harder powder par-
ticle). The particle size distribution fits the reported 
45–105-µm-diameter distribution from the supplier, 
with smaller satellite particles present (Fig. 10a, b). 
A small fraction of the powder particles had oblong 
or non-spherical shapes (Fig. 10a). Used powder 
(Fig. 10c) recovered from the AM system, conversely, 
showed clear evidence of microstructurally induced 
surface relief, as α-laths form/evolve and protrude 

from the surface (similar to tenting [90, 91]), suggest-
ing that even though these powder particles may not 
have been in direct contact with the electron beam, the 
temperature in the chamber was still high enough to 
activate these microstructurally induced surface-relief-
related phenomena.

The virgin powder was then subjected to tempera-
tures above and below the β-transus. Powder sintered 
below the β transus (925 °C) (Fig. 10d) showed sur-
face relief unrelated to the final α + β microstructure, 
as opposed to the α laths clearly seen on the surfaces 
of the used powder (Fig. 10b). Powder sintered above 
the β transus (1025 °C) (Fig. 10e) showed the same type 
of surface relief as well as thermal grooving, which is a 
result of the prior β grains which existed before cool-
ing to the final microstructure [92]. Thermal grooving 
occurs at elevated temperatures for grain boundaries 
that intersect the surface of a polycrystalline mate-
rial [92–94]. There are several mechanisms of forma-
tion for thermal grooves, including evaporation and 
condensation or surface diffusion, as well as a modi-
fication of the dihedral angle to minimize the grain 
boundary-free surface triple junction. The conditions 
for the sintering experiments (time at temperature, 
inert gas atmosphere) compared to observations in the 
AM samples indicate that surface diffusion is a likely 
mechanism for these samples [92, 93]. Ten fields of 
view were evaluated for both sets of sintered powder. 

Figure 9  Schematic showing 
the evolution of a pre-existing 
lack-of-fusion defect from 
one raster path to then con-
tain spatter. The spatter may 
exist from its initial forma-
tion, but is also likely to form 
due to the melt pool dynam-
ics of the adjacent raster
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No thermal grooves were observed in any particles 
imaged from the powder sintered below the β tran-
sus. Of the particles imaged from the powder sintered 
above the β-transus, 174 particles were analyzed and 
29 of them (or 17%) were found to contain thermal 
grooving. Similar thermal grooves were also seen in 
LOF defects, indicating similar locally activated ther-
mal processes following grain formation. The defects 
that contained thermal grooves were found through-
out the build height; however, identification of ther-
mal grooves was largely dependent on the visibility of 
interior surfaces (both walls and ceilings) of the defects 
analyzed, which is limited due to the complex mor-
phology. Within a single 15 mm × 25 mm (YZ) plane, 
21 LOF defects were assessed, with 9 of them having 
features consistent with thermal grooves. In other 
words, these experiments confirm that the portions 
of the build surrounding the defects were exposed to 
temperatures above 1025 °C long enough for thermal 

grooving to take place, but short enough to limit grain 
growth. However, more in-depth approximation of the 
temperature at which such defects were held, as well 
as the time held at that temperature, would require 
additional high-precision in situ measurements of sur-
faces of the defects in question, an exceptionally diffi-
cult if not impossible experiment to conduct currently.

Spattering, cracks, and grain growth 
through defects

In addition to the structures on the free surfaces of 
LOF defects, other features also provide information 
about the AM process. Lack-of-fusion defects were 
observed to contain both cracks and spattered parti-
cles. The presence of spattering (Fig. 11a) occurs when 
small blobs and droplets of liquid metal are ejected 
from the melt pool as it is interacting with the electron 
beam [86, 95] and can reveal information about the 

Figure 10  Surfaces of 
powder particles observed in 
the SEM: (a) virgin powder, 
showing the general particle 
shapes and sizes, with a sub-
set showing a combination of 
smooth and impact-deformed 
surfaces, satellites, and a 
small particle that impacted a 
larger one creating deforma-
tion of the surface similar 
to tectonic plates; (b) virgin 
powder, showing a powder 
particle with satellites as 
well as the impact of another, 
smaller power particle; 
(c) used powder, showing 
microstructural relief (α laths 
on the surface) and spatter-
ing of material ejected from 
melt pools; (d) virgin powder 
sintered at 925 °C, show-
ing surface relief; (e) virgin 
powder sintered at 1025 °C, 
showing surface relief and 
thermal grooves
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timeline of characteristics observed in LOF defects, as 
it is logical to assume that the internal surfaces of the 
defect must have existed prior to these droplets land-
ing and sticking to the walls. These droplets can land 
anywhere, from already solidified contiguous mate-
rial, regions of the melt pool (where they may become 
reintegrated due to wetting and capillary forces), 
or onto walls, floors, and ceilings of nearby volume 
defects such as pores or surfaces of lattice structures 
[86, 95], or here, on an adjacent, previously processed 
raster path. Furthermore, α-laths can be seen on the 
surfaces of the LOF defect while the spattered particles 
are generally smooth. Finally, there is an impression of 
a spattered particle that detached from the wall in the 
bottom left corner of Fig. 11a with α laths distinguish-
able inside the imprint. Taken together, along with 
the less pronounced thermal grooves on the bottom 
and absent thermal grooves on the side and top walls, 
suggest that this defect had a colder overall thermal 
history.

Considering this LOF defect as a metallurgical fossil 
record, the spattering phenomena can be analyzed fur-
ther. These ejecta spatters were analyzed using MIPAR 
image analysis software, and the identified ejecta are 
shown in the SEM micrograph montage (Fig. 11b). 
Statistics of the ejecta observed and measured in this 
LOF defect show that the more than 40% of all spatter-
ing events result in small particles (sizes smaller than 
2.3 µm; recall the given powder particle size ranges 
from 45 to 105 µm) landing on already formed sur-
faces (in this case, the floor, walls, and ceiling of the 
LOF defect). While in situ techniques, such as high-
speed, high-energy X-ray imaging, can detect ejected 
particle sizes and trajectories during AM processes 
[96, 97], smaller particles are thought to have the abil-
ity to be reintegrated into melt pools, making post-
deposition detection and characterization difficult, if 
not impossible, except through these types of metal-
lurgical fossil records such as the LOF defect shown in 
Figs. 8d and 11a. Some particles retain what appears to 

Figure 11  LOF defect 
(shown in Fig. 8d) with the 
following characteristics: α 
laths distinguishable on the 
surfaces, (a) crack formed 
between the ‘walls’ and the 
‘ceiling,’ spherical particles 
(spattering) ejected from a 
nearby melt pool and subse-
quently landed on the already 
formed surfaces that under-
went the β transus micro-
structural transformation, and 
is an imprint of a spattered 
particle that fell from the 
wall (lower left corner); (b) 
collage of BSE images of the 
defect shown in Figs. 8d and 
11a with identified spattered/
ejected particles shown in 
red; and (c) distribution of 
equivalent diameter of ejecta 
from (b)

13413



 J Mater Sci (2023) 58:13398–13421

be partially spherical shapes, though due to the three-
dimensional topographical nature of the surface of the 
defect and the ejecta, and the fact that SEM imaging 
is a two-dimensional observation, the actual shape of 
the ejecta is an approximation.

Subsolidus weld cracking, which shares similari-
ties with the cracking observed in Fig. 11, has been 
associated with a loss of ductility, and specifically for 
Ti–6Al–4V with a higher fraction of colony micro-
structure [98]. In general, higher cooling rates result 
in a microstructure with a higher volume fraction of 
basketweave (and thus less colony) [98], assuming 
that the composition does not change.4 In Ti–6Al–4V 
AM processes, if the parameters are not carefully 
selected for the design of the part, the bottom section 
would contain the highest basketweave fraction since 
it is in contact with the base plate (kept at a constant 
temperature, lower than that of the build chamber), 
while the middle and top regions would develop a 
mix of basketweave and colony [104]. The fraction 
of basketweave and colony can even reach a steady-
state after a certain height [13]. With all else being 
equal, basketweave volume fraction measurements 
(as reported in [13]) are as expected considering that 
electron beam rastering induces high basketweave for-
mation due to their higher cooling rates [11, 26, 105], 
with the highest fraction observed at the bottom of 
the sample (~ 1 mm; 98.2%) since it is in contact with 
the steel base plate. Given the high volume fraction 
basketweave, cracks that form within defects (Fig. 11) 
are unlikely to be a result of subsolidus weld-induced 
cracking. In addition to generation local thermal gradi-
ents, the geometry and volume of the large LOF defect 
(Fig. 11) lead to morphological stress concentrators 
and crack formation.

The EBSD map shown in Fig. 12a can reveal infor-
mation about microstructural changes as a result of the 
AM build parameters and the presence of defects. To 
aid in the interpretation of these results, parent β grain 
reconstruction (Fig. 12b) using the MTEX Toolbox in 
MATLAB has been used to highlight the interaction 
of defects and grain growth. Firstly, as expected in 
AM parts [13, 106–110], the nominal build direction 
(Z-axis) and the columnar growth direction are not 
perfectly parallel, as there is a slight tilt of the growth 
axis to the left (for this map) as a result of the beam 

(and energy) rastering in the XY plane, creating ther-
mal gradients that are not aligned with the z-axis. Sec-
ondly, the presence of overhanging partially melted 
particles, like the one shown in defect 1 from Fig. 12a 
(and Fig. 8a), can nucleate small grains, and will have 
an influence on the local texture. Particles suspended 
from the ceiling of LOF defects have different local 
thermal conditions when compared to continuous 
columnar grains. The normal melt pool now inter-
acts with a thermal barrier (in the form of the lack-
of-fusion defect) which prevents the melted material 
from reaching the material below. Such defects also 
prevent vertical heat transfer, and a solid powder par-
ticle insufficiently heated results in the particle par-
tially retaining its original shape, with only a portion 
melting and interacting with the rest of the part. Fur-
ther examples of this can be observed in defects 3 and 
4 (Fig. 12a). The interrupted heat transfer allows these 
overhanging powder particles to act as new nuclea-
tion sites, promoting the formation of new grains. An 
example of this can be seen at the left edge of defect 3 
(Fig. 12a, b). Thirdly, elongated LOF defects can play 
a role during the columnar growth of parent β grains, 
as evidenced by two clear examples from Fig. 12b. 
Examining defect 3 showcases the parent β colum-
nar grains below defect 3 stopping at the ‘floor’ of the 
defect while new β grains (with different orientations) 
start their growth at the ‘ceiling’ of the LOF defect and 
continue growing until encountering another defect.

Considering defect 2, the results are more interest-
ing and complex. In the region surrounding this lack-
of-fusion defect, portions of the microstructure show a 
nearly identical orientation both above and below the 
defect for some, but not all grains. For example, prior β 
grains 7 and 8 share a nominally identical grain width 
and might appear continuous, but they have distinctly 
different orientations. Conversely, for the group of 
grains (11, 12, and 13) on the right end of LOF defect 2, 
the grains labeled 12 and 13 are nearly indistinguish-
able in their orientation, while 11 is different. Grains 
9 and 10, as well as grains 5 and 6, have identical ori-
entations both above and below the LOF defect. These 
similarities, particularly away from the ends of LOF 
2, may appear anomalous. Figure 13a–d shows back-
scattered SEM images of the defect at a ± 25° equivalent 

4 In Ti–6Al–4 V, α stabilizers promote colonies, while β stabilizers 
promote basketweave [99–103].
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tilt.5 These images provide some critical information. 
Firstly, features associated with microstructural trans-
formations (the formation of the hcp alpha laths [111]) 
and the prior β grain boundaries can be observed. Of 
brief note, the subtle phase transformation ‘tenting’ is 
more apparent on the ‘top’ of the LOF defect, while 
the grain boundaries appear to have some signatures 
of deformation (grain boundary sliding/extrusion) 
on the ‘bottom’ of the LOF defect. Secondly, when 
both Figs. 12 and 13 are critically analyzed together, 
the orientation data can be mapped with the grain 
boundaries. There are two types of grains: those that 
are crystallographically continuous (C) across the LOF 
defect, and those that are not continuous (NC). Each 
continuous grain (except 12 and 13, which are not 
clearly seen in Fig. 13) can be observed to be continu-
ous on the back of the LOF defect (i.e., there are no 
grain boundaries between the polished EBSD surface 
and the back of the pore). Reasonably, grains 12 and 
13 can be assumed to be continuous either in the back 
of the pore (which cannot be seen) or on the front of 
the pore that was polished through. Figure 14 shows 

a schematic of the possible formation of this defect, 
showing the continuity of some grains but not others. 
Thus, the three-dimensional nature of the microstruc-
ture (including defects) is associated with grain conti-
nuity around the defect. This grain continuity has an 
important consequence. As the solidification proceeds 
around the defect, rather than necessarily nucleating 
on the suspended liquid surface, it gives insights into 
the fact that grain growth is preferred over nucleation. 
Further, the thermal gradients around the LOF defect 
may strongly deviate away from the Z-axis.

Conclusions

Defects in AM parts, while undesirable under many 
application conditions, can be useful to understand the 
physical processes and mechanisms acting during the 
different stages of the manufacturing process, as well 
as the order with which they operate in a build. This 
work proposes different ex situ techniques to analyze 
pores, LOF defects, banding, and chemical composi-
tion variations observed in a rastered e-beam AM sam-
ple, with the ultimate goal of providing information 
that results in parts that are structurally sound and 
preventing the formation of defects as much as pos-
sible. Schematics showing the probable evolution of 

Figure 12  EBSD maps of 
the area surrounding LOF 
defects. (a) Inverse pole 
figure plot of α phase, (b) 
parent β grain reconstruc-
tion, and three-dimensional 
orientation of selected prior 
β columnar grains shown 
on the right side. The LOF 
defect (1) shown in the upper 
left portion of the image is 
the one shown in Fig. 7a. 
Distinct LOF defects in (a) 
and distinct prior β columnar 
grains in (b) are labeled

5 The images were recorded at a + 25° tilt with a stage rotation of 0° 
and 180°. This rotation results in the equivalence of a -25° tilt. The 
images are then appropriately mirrored to present this image.
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these defects have been developed and presented. The 
following observations can be concluded:

• Microstructural banding as a result of aluminum 
variations reveals information about chemical 
variations in the layers (solute segregation) due to 
fluid flow and preferential Al vaporization during 

melting and liquid–solid transformations in EBM 
Ti–6Al–4V. These bands, while not corresponding 
with layer thicknesses, act fairly uniformly in the 
planes of the molten pools. Unique compositional 
‘structures’ reveal the relatively quick time-scale of 
band solidification as compared to the time-scale 
required for mixing. These factors together reveal 

Figure 13  SEM micro-
graphs of lack-of-fusion 
defect 2 of Fig. 12. (a, b) The 
defect tilted to image both 
the top and bottom at 25°. (c, 
d) Higher-resolution images 
showing grain boundaries 
and deformation and signa-
tures of phase transforma-
tions

Figure 14  Schematic show-
ing how some grains can be 
continuous around a LOF 
defect, such as LOF defect 
2 of Fig. 12 (with matching 
grain colors). Grains that are 
continuous are labeled as  C#, 
while the grains that are not 
continuous are labeled NC
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that aluminum variation occurs in the liquid state 
within individual melt pools and varies between 
melt pools.

• The internal morphologies or characteristics of LOF 
defects, as well as the distribution of morphologies 
throughout the build, hint at the mechanisms of 
defect formation and can be used to generate mod-
els of failure modes, while the structures on the free 
surfaces of the defects reveal information about the 
local variations in fluid flow and the temperatures 
or times which samples were held at. Distribution 
information can also give insight into failure mech-
anisms through finite element modeling.

• Spattering can be used as a timeline variable; if 
observed on free surfaces, spattering must have 
occurred after the formation of said LOF defect sur-
faces, but while other aspects of the build were still 
partially molten or at least mushy (such as ceiling, 
walls, and floors). More than 40% of ejected parti-
cles landing on defect surfaces have sizes < 2.5 µm, 
and knowledge of the size distribution of ejecta can 
inform on models of the physical phenomena at 
play during the build process.

• Cracking can reveal information about local tem-
perature regimes, local stresses created during liq-
uid–solid or solid–solid transformations, the pres-
ence of other defects in their vicinity, and the role 
of geometry in their formation.

• Microstructural investigations near defects show 
the influence of heat flow interruptions during AM 
processes. Prior β grain growth is influenced by the 
morphology of LOF defects. Partially melted par-
ticles can influence the nucleation of new prior β 
grains.

• EBSD analysis reveals that prior β grains can grow 
around LOF defects, with grain growth preferred 
over grain nucleation.
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