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Differences in defect distribution across scan strategies in electron beam AM
Ti-6Al-4V
Abstract
In recent years, additive manufacturing (AM) has begun to displace traditional manufacturing techniques
for specific applications. Notable benefits of AM include reduced times from design to product, an
improved buy-to-fly ratio, lower waste, and the ability to produce complex geometries[1,2]. An additional
benefit of additive manufacturing is the variety of manufacturing processes that span across heat source
(e.g., laser, electron beam, plasma), input material type (e.g., powder, wire), atmosphere, and the number
of axes of control among others[2-4]. This variability in processing route means that a process can be
identified and optimized for a class of products or parts. Despite these various advantages, one of the
primary drawbacks of AM processes is porosity within builds, which ultimately reduces the ability of a
part to withstand tensile stresses
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DIFFERENCES IN DEFECT
DISTRIBUTION ACROSS SCAN
STRATEGIES IN ELECTRON BEAM
AM Ti-6Al-4V

The fraction and size of pores present in EBM Ti-6Al-4V specimens varies depending
on the melting strategy used, whether linear raster melting or point melting.
Maria J. Quintana, Iowa State University, Ames, Universidad Panamericana, Mexico,
and Center for Advanced Non-Ferrous Structural Alloys, an NSF I/UCRC
Katie O’Donnell, Iowa State University, Ames, and Center for Advanced Non-Ferrous
Structural Alloys, an NSF I/UCRC
Matthew J. Kenney, Iowa State University, Ames
Peter C. Collins, Iowa State University, Ames, Center for Advanced Non-Ferrous
Structural Alloys, an NSF I/UCRC, and Ames Laboratory, Iowa

I

n recent years, additive manufacturing (AM) has begun to displace traditional manufacturing techniques for
specific applications. Notable benefits
of AM include reduced times from design to product, an improved buy-tofly ratio, lower waste, and the ability to
produce complex geometries[1,2]. An additional benefit of additive manufacturing is the variety of manufacturing
processes that span across heat source
(e.g., laser, electron beam, plasma), input material type (e.g., powder, wire),
atmosphere, and the number of axes of
control among others[2-4]. This variability in processing route means that a process can be identified and optimized
for a class of products or parts. Despite
these various advantages, one of the
primary drawbacks of AM processes is
porosity within builds, which ultimately reduces the ability of a part to withstand tensile stresses and can lead to
premature failure[4-6].
Electron beam melting (EBM) is a
powder bed fusion technique that uses
an electron beam as a heat source to

melt powder particles that have been
spread over a build plate[7]. Unlike laser-based processes, EBM requires the
build chamber to be at vacuum, reducing the probability of porosity stemming from gases present within the
build chamber[1]. Gas pores in EBM are
thus typically caused by either gases
present in the feedstock material (i.e.,
retained gas porosity) or vaporization of
select elements (i.e., keyholing)[4,8]. Gas
pores formed through either mechanism result in nearly spherical morphologies whose locations within the layer
of a build and presence within a solidified part are influenced by the fluid dynamics of the melt pool[4,9,10].
The most common scan strategies of EBM are point-melting and variations on linear raster scan strategies,
i.e., moving the electron beam in a linear fashion across the powder bed following a pattern[11]. Point-melting scan
strategies, less commonly studied and
used, involve point-by-point melting of small volumes of material of the
powder bed. Research has shown that

point-by-point melting strategies can
be used for site-specific control of the
resulting microstructure and texture
by varying process parameters and the
location and order of points melted,
thereby leading to local and specific
variations in mechanical properties[12,13].

OBSERVATIONS IN
AS-BUILT SAMPLES
Ti-6Al-4V specimens were produced at Oak Ridge National Laboratory
Manufacturing Demonstration Facility
using an ARCAM EBM Q10plus system
and TEKNA Ti-6Al-4V plasma atomized
powder. Each specimen had a geometry of 15 x 15 x 25 mm.
Three different scan strategies were used to produce the samples: a linear raster scan (L), random
point-melting (R), and what is known as
the Dehoff point-melting strategy (D).
The raster scan L consisted of a serpentine pattern that rotated 67.5° after the
end of every layer. Each 15 x 15 mm area
of R and D was segmented into coordinates. A computer-generated random
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printed at the same time on a stainless
steel build plate. Samples were imaged
using an FEI Teneo LoVac field-emission
scanning electron microscope (SEM).
Images were then analyzed using MIPAR
image analysis software.

Analysis of internal planes of the
samples resulted in the spherical (gas)
pore data presented in Table 1 and
Figs. 1 and 2. The raster scan strategy (L)
had three times as many pores as either
of the two point-melting strategies. All
spherical pores over
25 µm were only observed in the L sample, meaning the selected strategy has a
large influence in both
the number of pores
formed and their sizes. The distribution of
pores relative to build
height in each sample was also assessed
(Fig. 2) by classifying
pores as belonging to
one of three equal sized
bins (each ~8.3 mm in
Fig. 1 — Equivalent diameter distribution of the spherical pores
height,
labeled top,
across the three strategies (L, D, and R) observed in one internal
middle,
and
bottom).
plane (15 x 25 mm).
Samples R and L have
a uniform distribution
throughout the sample, while D has slightly fewer pores in the
middle and more in the
bottom.

Fig. 2 — Distribution of spherical porosity across raster, Dehoff,
and random strategies sub-separated into top, middle, and bottom
regions within each sample.

Porosity is, by nature, very common
in AM builds, and because pores are typically considered defects, research has
been done to optimize
AM parameters to minimize both the volume

fraction and the size of pores in final
parts[17,18]. As expected, the measurements of small amounts of porosity in
the samples show both large standard
deviations (Table 1) and a broad range
of pore diameters. A comparison between the samples (strategies) can provide insights into the influence of melt
pool morphologies and process parameters on the sizes of gas pores.

FLUID DYNAMICS IN
AM MELT POOLS
Melt pool fluid dynamics can be
divided into two general stages: first,
the powder initially interacts with the
heat source and melts, creating a region ruled by thermocapillary forces; and second, the heat source moves
away and the melt pool begins to cool,
switching the dominating force from
thermocapillary to drag. Thermocapillary forces move pores in the direction of the thermal gradient, which, in
the case of both raster and point-melting strategies, will bring pores to the
surface of the melt pools[4]. As the
melt pool cools, the thermal gradient
is reduced, which in turn reduces the
magnitude and influence of the thermocapillary force and makes drag the
driving and dominant force (particularly in the tail end of the elongated raster
melt pool). Fluid flow no longer drives
pores to the surface and instead they
are trapped inside the liquid material[4].
In other words, pores are more easily
eliminated from the leading edge of a
raster melt pool, as opposed to the tail
end, as a result of thermocapillary forces dominating over drag forces.
Notably, because the heat source
does not move during the residence
time in point-melting strategies, the
melt pool does not develop a trailing
region (i.e., a “tail”), and instead is by

TABLE 1 — STATISTICS OF SPHERICAL PORES: ANALYSIS OF ONE INTERNAL PLANE FOR EACH STRATEGY
Equivalent diameter (µm)

Scanning strategy

Pore
count

Area fraction*

L

47

R
D

Average

Standard
deviation

Range

0.0000433

14.20

13.55

1.6-51.7

15

0.0000028

7.17

5.20

2.8-20.1

11

0.0000018

6.97

4.74

2.2-14.8

*Area fraction is based on a sectioned surface of 15 x 25 mm.
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function was used for R, to assure every
coordinate (or point) was melted only
once and all coordinates were melted
every layer. The Dehoff (D) strategy requires melting in an ordered manner by
organizing the coordinates into arrays
and subarrays and following a specific
order. More information about all three
of these scan strategies can be found in
M. Quintana[14], M. Kirka[15], and P. Nandwanda[16]. The layer thickness was 50 µm
for all strategies, and all samples were
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and large consistently the leading edge
of a raster melt pool. Though research
into the fluid dynamics in point melting
is scarce, parallels can be drawn from
publications on laser spot welding[19],
where Marangoni convection (i.e., thermocapillary forces) dominates melt
pool thermodynamics. Thermal gradients within individual melt pools are
therefore higher in point-melting strategies compared to linear raster with
elongated melt pools. Higher thermal
gradients allow thermocapillary forces to dominate the fluid flow through
a greater relative volume of each melt
pool and eliminate some of the gas porosity present in the melt pools by dragging them to the surface where they are
eliminated.
Melt pool fluid dynamics and the
ability of gas bubbles to escape the melt
pool are not influenced by location (in a
plane) or by height, as observed in the
L, D, and R samples, only by varying the
scanning strategy. Thermal gradients
within AM parts are known to vary along
the height of a part, based on thermal
conductivity through the build plate
as opposed to the surrounding powder bed, pre-heat temperatures, time
at temperature, and the number of layers above a selected region, among other factors[2,14]. These thermal gradient
variations affect thermal (and thermomechanical) gyrations and corresponding phase transformations, which results in notable differences in the
resulting microstructure[2,14]. The fact
that no significant variation in spherical porosity was observed along the
build height suggests that the best time
(a)

for gas pores to escape is during initial
melting, either while the electron beam
is centered on the melt pool or immediately after, particularly for point-melting strategies.

INDUSTRIAL RELEVANCE
While some of the typically undesirable attributes of AM builds (e.g., residual stress and surface roughness)
can be mitigated with post-processing or concurrent hybrid-processing
steps (e.g., annealing, in-situ or exsitu machining)[2], porosity, on the other
hand, is difficult to eliminate with these
methods[4,16]. Porosity is detrimental
in all structural metals, as all pores act
as stress concentrators and can lead to
premature failure[1,2,6,20]. Investigations
into optimizing processing parameters
to reduce porosity in powder bed fusion
(PDF) AM techniques are common[1,4,5],
but tend to focus on power and scan
speed and rarely venture into differing
scan strategies.
In AM builds, the size of the gas
pores ranges considerably, from tens
of microns (Fig. 3a) to less than 5 microns (Fig. 3b). The smaller pore sizes
are more commonly observed in the
point-melting scans. With low volume
fractions of porosity, it can be difficult
to determine accurately the amount
and size of porosity. Knowledge of the
size of gas pores is critical, as large
pores (Fig. 3a) will lead to a larger local
loss of tensile properties than smaller
pores.
As mentioned, post-processing
steps, typically in the form of heat treatments, are usually not successful at

removing all pores in as-built parts[2,4,16];
thus, methods of reducing and eliminating porosity during the build process
itself is preferable and the most effective route to ensure the final mechanical performance of a part is as expected
during the design process. This work
provides analysis on strategies which
mitigate porosity (i.e., point-melting
strategies are better than raster scans at
eliminating porosity and reducing the
size of the pores present) as a result of
the forces dominating different stages
of the melt pool fluid dynamics.

CONCLUSIONS
Observations of the spherical porosity in EBM Ti-6Al-4V builds have
shown a clear difference in the resulting
fraction and the size of pores present
between a linear raster-melting strategy and point-melting strategies (Dehoff and random). Whether as a result
of retained gas porosity from the powder, or vaporized elements in the build,
samples from all three melting strategies present gas porosity. Fewer spherical gas pores were observed in both of
the point-melting EBM scan strategies
as opposed to the prototypical, and
widely used, linear raster melting scan
strategy. Point-melting strategies also
resulted in spherical gas pores with an
average diameter of half the size of the
average diameter of pores in the raster-melting strategy. Pores with a diameter greater than 25 µm were only
observed in the L sample.
Gas pores are neither preferentially formed nor retained at any particular height of the sample, leading to the

(b)

Fig. 3 — Spherical pores observed in EBM samples obtained with different scanning strategies: (a) linear raster scan-L and (b) point-melting scan-R.
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conclusion that it is the fluid dynamics
of the melt pools and not the thermal
gyrations generated by the parameters
that most strongly influences the ability of gas bubbles to escape the melted
material during the AM process.
This difference can be attributed
to the nature and morphology of the
melt pools and the fluid dynamics from
point-melting strategies, compared to
the relatively larger and elongated melt
pools that form in raster-melting strategies that contain two very distinct fluid
dynamics domains, with opposing driving forces. Melt pools in point-melting
strategies are almost exclusively dominated by Marangoni convection, whereas raster-melting strategies also contain
a tail end to the melt pool that is dominated by drag forces. ~AM&P

