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Preliminary research has demonstrated the ability to utilise novel scan strategies in the electron

beam melting (EBM) process to establish control of crystallographic texture within Inconel 718

deposits. Conventional EBM scan strategies and process parameters yield coarse columnar

grains aligned parallel to the build direction. Through varying process parameters such as beam

power, beam velocity, beam focus and scan strategy, the behaviour of the electron beam can be

manipulated from a line source to a point source. The net effect of these variations is that the

resulting crystallographic texture is controlled in a manner to produce either epitaxial deposits or

fully equiaxed deposits. This research demonstrates the ability to change the crystallographic

texture on the macroscale indicating that EBM technology can be used to create complex

geometric components with both site-specific microstructures and material properties.

Keywords: Additive manufacturing, Electron beam melting, Texture, Nickel-base superalloy

This paper is part of a special issue on Additive manufacturing

Introduction
The term additive manufacturing (AM) encompasses a
broad range of technologies with the capability to make
complex three-dimensional structures from feedstock
material. Typically material is added layer by layer or
point by point in order to build up metal, polymer,
ceramic, or composite structures. Metal processes using a
melt pool (similar to welding) are divided into two main
categories; directed energy deposition and powder bed
fusion. Typically, powder based additive manufacturing
technologies such as electron beam melting (EBM) have
been utilised to make highly intricate components while
directed energy systems have been focused in repair of
existing components and production of near net shapes.

To date much of the focus in developing AM processes
has been towards producing fully dense and delamination
free deposits which as a byproduct result produce
epitaxial deposits with the texture oriented parallel to
the build direction.1–3 The thought being that epitaxial
deposits would be ideal for maximising the mechanical
properties of AM built parts as occurs in directionally
solidified and single crystal Nickel-base (Ni-base) super-
alloys loaded along the direction of solidification.4

However, epitaxial growth does not necessarily correlate
to enhanced mechanical performance in all situations, e.g.

complex stress states. While not identical, the cooling
rates observed in welding and AM processes are similar
enough, such that the basic understanding of texture
evolution derived from welding processes can be extra-
polated to AM process to aid in the development of scan
strategies aimed at controlling evolution of the texture at
a given point.

As in welding, the important solidification parameters
that indirectly require control are growth rate (R), tem-
perature gradient (G), and undercooling (DT).5 Based
upon these parameters any of the principle crystal-
lographic planes become possible growth directions for
the solidification front; in the case of face centred cubic
materials these are the n001m directions.6 In epitaxial
solidification, the optimum growth direction is the one
aligned normal to the thermal gradient between the solid
and liquid.6 Additionally, grains that deviate from that of
epitaxial growth have been shown to form under high
beam velocity conditions.6–8 Furthermore, the probability
for the nucleation of equiaxed grains ahead of the
epitaxial solidification front is increased in the presence
of high thermal gradients.9–11 This change in solidification
structure is termed a columnar to equiaxed transition.

While much has been considered on the optimisation of
the AM process, the true power of the AM process is
being significantly overlooked. Through the AM process,
texture has the potential to be controlled at will to
produce functionally graded textures throughout an AM
part that, in theory, could perform better under complex
mechanical loadings than either a single crystal or
polycrystalline material would alone. With crystallo-
graphic texture control combined with integrated com-
putational materials engineering concepts, the potential
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for a new era of engineering design is possible. Within this
work is presented a preliminary demonstration of
microstructure control through variations in the scan
strategy of an electron beam AM process on the c0

strengthened Ni-base superalloy Inconel 718 that has a
primary use in high temperature applications.

Experimental procedures and methods
Samples were fabricated using rotary atomised powder
of the Ni-base superalloy Inconel 718; the chemistry
is discussed elsewhere.12 The size distribution of the
powder particles was in the mesh size range of
2100z325. For the EBM process an Arcam A2 electron
beam system was utilised. A control sample was
fabricated using standard Inconel 718 deposition para-
meters developed by Arcam of geometry described
elsewhere.13 To examine the influence of beam scan
strategy, eight specimens were arranged across the
diagonal of a 1506150 mm build plate as shown in
Fig. 1, with the build direction being along the Z-
direction. All of the specimens had dimensions of
10610610 mm. Each of the samples were fabricated
using proprietary beam scan strategies that included
variations to the beam path, beam speed, and melting
current that allow for a transition between line source
and point source beam conditions. During melting, the
beam current was maintained within a range of 4–6 mA
for each of the scan strategies. Furthermore, layer
thicknesses of 50 mm were used.

Microstructural analysis was conducted on specimens
labelled A, B and C; these represent the extremes of the
scan strategies tested. To characterise the influence of
the scan strategies on the resultant microstructures, the
specimens were sectioned along the faces parallel (XZ
plane) and perpendicular (XY plane) to the build
direction and polished successively using SiC abrasive
paper ending with a final 0?04 mm colloidal silica polish.
The polished specimens were then analysed using a
JEOL 6500 field emission gun scanning electron micro-
scope equipped with an EDAX electron backscatter
diffraction detector (EBSD). Further characterisation of
the resultant specimen texture was undertaken with X-
ray diffraction (XRD) analysis.

Results and discussion
Much of the thought in EBM and AM process develop-
ment has been towards the optimisation of process
parameters (beam current and beam velocity) such that
fully dense and geometrically accurate parts are achievable
with minimal concern for the resulting microstructure.
Figure 2 shows the typical Inconel 718 macrostructure
obtained from utilising standard Arcam build parameters.
Overall the microstructure exhibits a high degree of
texture, with the [001] crystallographic orientation aligned
parallel to the build direction as indicated by the EBSD
map in Fig. 2b, where the red colour corresponds to the
[001] crystallographic grain orientation in the inverse pole
figure for nickel. Furthermore, the EBSD pole figures
(Fig. 2c) affirm that the grain structure is a highly oriented
columnar structure, i.e. the structure is directionally
solidified. As discussed previously, this result is highly
typical within AM processes.13

For some time, it has been well known that through
controlling the temperature gradient and velocity of the

liquid/solid interface, the solidification microstructure
can transition from columnar to equiaxed.9,14,15 The net
impetus for this transition being that a constitutionally
undercooled zone forms ahead of the solidification front
that causes spontaneous nucleation of grains.9 While
the thermal gradients in the EBM process are multi-
dimensional, the Inconel 718 solidification map (Fig. 3)
for an one-dimensional temperature gradient with the
Arcam process window indicated by the dashed box.13

While modelling the solidification process is computa-
tionally intensive, the basic principles of the columnar to
equiaxed transition can be applied within the scan
strategies used.

Deviations from the standard Arcam process para-
meters pose challenges such as the generation of
unwanted porosity, layer delamination, and differences
in thermal exposure throughout the build process. The
ability to maintain texture control throughout a desired
region is an additional challenge as a result of the above
in addition to the ability to form stray grains. Recent
work has shown the hold temperature and hold time of
an EBM build to be an influencing factor on the
size, shape, and distribution of precipitates within the
deposits and to be of minimal influence on the crystal-
lographic texture of the deposits.13 A subset of the scan
strategies attempted is presented below to showcase the
results that ultimately produced three unique textures
that differed from the standard texture throughout the
entirety of the specimen with exception to the build plate
interface region. These strategies are referred to as Scan
Strategy A, B, and C, with their location in the build
labelled in Fig. 1.

Similar to the texture observed in the standard scan
strategy (Fig. 2), Scan Strategy A resulted in an epitaxial
deposit as evidenced by the EBSD results for the XY
plane (Fig. 4). Generally, the presence of coarser grains
within the deposit can be attributed to the relatively
slower cooling rate when compared to the ones observed
when melting with the standard parameters. Furthermore,

1 Build layout on 1506150 mm Arcam plate with speci-

mens associated with Scan Strategies A, B and C

denoted by A, B and C respectively
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the deposit can be considered single crystal quality within
the ¡7?5u industry standard due to the high concentration
of grains at the centre of the (200) pole figure (Fig. 4) and

the pair of concentrations in the n110m directions in the
(111) pole figure (Fig. 4).16

The results of Scan Strategy B are given in Fig. 5 for
both the XY plane and XZ plane. The EBSD results
indicate that although large columnar-like grains are
present, they exhibit stochastic orientations similar to an
equiaxed structure. X-ray diffraction analysis shown in
Fig. 5c and d further confirms this decrease in texture
through randomness of the grain distribution in both the
(200) and (111) pole figures (Fig. 5). Ultimately the
presence of the equiaxed grain structure gives indication
that Scan Strategy B is able to produce a combination of
G and R within the melt pool such that the solidification
conditions are fully within the equiaxed zone of the
Arcam process window (Fig. 3). In addition, turbulent
fluid flow and spurious grain growth within the melt
pool can also be considered as attributable for the
equiaxed grain state.9,11 Within the build direction
(Fig. 5) the grains exhibit lengths within the range of
one to two layer thicknesses. This can be considered the
result of the partial remelting of the previous deposited
layer combined with the lower free energy barrier
promoting the continued growth of underlying grains
until terminated by other grains.17

Unlike the typical textures that arose from Scan
Strategies A and B, Scan Strategy C resulted in the grain
texture oriented transverse to the build direction as

a SEM micrograph; b EBSD orientation map; c EBSD pole figures for (001), (011) and (111) planes
2 Inconel 718 texture obtained through standard Arcam process parameters for XY plane

3 Solidification map for Inconel 718 depicting columnar to

equiaxed transition and Arcam EBM processing window
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4 Resultant texture of Scan Strategy A: a EBSD of XY-plane, b EBSD of XZ plane; c (200) XY plane XRD pole figure and

d (111) XY plane XRD pole figure

5 Resultant texture of Scan Strategy B: a EBSD of XY plane; b EBSD of XZ plane; c (200) XY plane XRD pole figure and

d (111) XY plane XRD pole figure
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shown in Fig. 6. This is particularly evident in the grain
orientation density band that passes vertically across the
(200) pole figure. Within the welding literature similar
experimental observations have been found, where this
occurrence is attributable to the solidification front
moving at the same speed as the electron beam.5

However, the interesting aspect of these results is that
the entire structure is composed of grains that are all
nearly aligned with their [001] crystallographic direction
transverse to the build direction.

Conclusions
By varying the parameters and scan strategy of the
electron beam from a line source to a point source,
solidification conditions that give rise to both columnar
and equiaxed conditions were determined. Specifically,
through these variations in the scan strategy, the texture
was shown capable of having the [001] aligned parallel to
the build direction, the [001] transverse to the build
direction, and random texture as affirmed by XRD
analysis. In the case of the equiaxed grain structure, the
grain thickness was found to be approximate to one to
two layer thicknesses used in the build. Ultimately, the
results presented here indicate that through control of the
process parameters, texture can be controlled. Additional
studies are currently underway in order to understand the
minimum length scale of grain formation as well as the
maximum control possible on grain orientation.
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