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On the Formation Mechanism of Banded Microstructures
In Electron Beam Melted Ti—48Al-2Cr—2Nb and the Design

of Heat Treatments as Remedial Action

Reinhold Wartbichler,* Helmut Clemens, Svea Mayer, Cristian Ghibaudo,
Giovanni Rizza, Manuela Galati, Luca luliano, Sara Biamino, and Daniele Ugues

The formation mechanism of banded microstructures of an electron beam melted
engineering intermetallic Ti-48AI-2Cr—2Nb alloy, the solidi cation behavior, and
the heat treatment response are investigated via a process parameter study.
Scanning electron microscopy, hardness testing, X-ray diffraction, electron probe
microanalysis, thermomechanical analysis, electron backscatter diffraction, heat
treatments, as well as thermodynamic equilibrium calculation, and numerical
simulation were performed. All specimens show near- microstructures with low
amounts of , and traces of . Fabrication with an increased energy input leads
to an increased Al loss due to evaporation, a lower -transus temperature, and to
a higher hardness. Banded microstructures form due to abnormal grain growth
toward the bottom of original melt pools, whereas , in Al-depleted zones
enables a Zener pinning of the -grain boundaries, leading to ne-grained areas.
Via numerical simulation, it is shown that increasing the energy input leads to
larger maximum temperatures and melt pool sizes, longer times in the liquid
state, and more remelting events. Solidi cation happens via the -phase and
increasing the energy input leads to an alignment of (111) in building direction.
Furthermore, banded microstructures respond heterogeneously to heat treat-
ments. Heat treatment is introduced based on homogenization via phase
transformation to obtain isotropic microstructures.

1. Introduction

Ni-based superalloys (

made their entrance into elds like the bio-
medical sector or the aeronautical industry,
where their advantages in terms of reduced
waste, lead times, costs, and stockpiles
besides the possibility to integrate func-
tions, design components with high geo-
metrical complexity, and rapid responses
to market demands are already at a certain
maturity level.®! Furthermore, time to y
and buy to y ratios are reduced consider-
ably. During the last 10years AM also
came in contact with the intermetallic
structural material class based on the -
TiAl phase, namely: titanium aluminides.
-TiAl-based alloys offer outstanding spe-
ci ¢ properties of strength and Young’s
modulus as well as creep resistance at an
application temperature range from 600
to 800 C, especially when compared to
polycrystalline nickel alloys.™ When ana-
lyzing the speci ¢ modulus versus speci ¢
strength properties at room temperature
(RT) TiAl alloys (  3.9-4.2gcm °) are,
in fact, second to only beryllium-based
alloys.’! These properties make them
attractive candidates to substitute heavy
8-8.5gcm 3), where, depending on

Since its development in the 1980s additive manufacturing (AM)
emerged from application in rapid prototyping and tooling into
direct production.? Powder bed-based AM technologies such
as laser powder bed fusion or electron beam melting (EBM)

the component, switching to TiAl-based alloys offers weight sav-
ings ranging from 20% to 50% for components like casings,
vanes, shrouds, or turbine blades.®” with the challenges of
today regarding climate protection and sustainability increasing
engine ef ciency besides reducing CO,, NO,, and noise
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emission, as well as fuel consumption has become more impor-
tant than ever.®=2% As such, weight reduction, especially in rotat-
ing components, is an important approach to reach ambitious
technical engine speci cations.** Drawbacks in the usability
of TiAl alloys came from their low ductility and dif cult process-
ing. Titanium aluminides remain sensitive to interstitial impu-
rities deteriorating ductility signi cantly, especially when the
interstitial content surpasses 0.1 mass% (m%).l"? Furthermore,
mechanical properties are highly dependent on the microstruc-
ture and the respective processing history, as well as composition
sensitivity with regard to the Al content® Due to the high
reactivity of TiAl melts cold wall crucibles were necessary for
precision casting, which allowed only for low superheating,
which in turn causes a number of casting problems, like incom-
pletely lled molds and macro-porosity, making, subsequently,
preheated molds a necessity, leading to slow cooling rates and
coarse-grained microstructures with a high scatter in mechanical
properties and pronounced segregation.>*%! The production of
high-quality ingots is also challenging, but progress was made by
increasing production volumes besides decreasing the costs con-
siderably, for details the reader is referred to the following refer-
ences.®Y By overcoming many of these obstacles due to the
combined efforts of research and development, TiAl alloys
matured into application in commercial jet engine service.
General electric announced the introduction of the cast Ti—
48A1-2Cr—2Nb (in at% unless stated otherwise) alloy,** into ser-
vice as low-pressure turbine (LPT) blade material for the 6th and
7th stage of the LPT of the GEnX™ civil aircraft engine in
2006.1%1 The titanium aluminide alloy hereby was utilized to
eliminate the cascading engine weight increase problem espe-
cially affecting rotating parts.*® Just recently Pratt and
Whitney introduced the TNM alloy (Ti—43.5AI-4Nb-1Mo0-0.1B)
in the last LPT stage of the new geared turbofan engine, a novel
process adapted 4th generation TiAl alloy exploiting the stabili-
zation of the body-centered cubic (bcc) -phase at elevated tem-
peratures enabling forging with near-conventional methods by
providing a suf cient number of independent slip systems.®%17]
Still, development and application of titanium aluminide alloys
remain exceedingly challenging, but the emerging EBM process
appears to be well suited for TiAl alloys, and design freedom, as
well as weight reduction, go hand in hand with the driving force
for the TiAl alloy design. First of all, oxygen and nitrogen pickup
is highly limited due to the vacuum environment (controlled vac-
uum of 10 3 mbar partial pressure of He) during EBM.82% |n
addition, the elevated processing temperature allows for titanium
aluminides to be manufactured at building temperatures above
their brittle-to-ductile transition temperature ( 700 C!")) leading
to crack-free components when manufactured with adequate
processing parameters.”! Due to rapid solidi cation segregations
are limited to small length scales, contrary to macroscopic
segregations often witnessed in cast TiAl, so there is potential
for the manufacture of larger products where segregations limit
the homogeneity of the components and uniformity of properties
must exist.*22% Furthermore, the freedom of design allows for
more complex geometries for turbine blades and other compo-
nents with cooling channels or special lattice structures and the
powder can be recycled, which complies with future sustainable
use of limited resources.?*1%21 Mechanical properties of TiAl
parts remain highly microstructure-sensitive,® which makes
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clarifying the processing-microstructure—property relationship
a necessity. Several different additively manufactured TiAl
alloys were already investigated, such as the aforementioned
Ti—(47-48)Al-2Cr-2Nb alloy,*#~*2 or the TNM alloy,**** as
well as high Nb bearing TiAl alloys.*2 Many different
microstructures of these various electron beams melted titanium
aluminide alloys were reported, generally ne-grained. For the
second generation alloy Ti—-48Al-2Cr-2Nb (or Ti-47Al-2Cr—
2Nb) the resulting microstructures after EBM are often described
to have banded and/or heterogeneous regions, detailed as
layered microstructures of duplex-like ne grains and coarser
-grains?”!; a duplex microstructure consisting of a coarse equi-
axed -single-phase region and a ne two-phase region of and

7 microstructures with ne equiaxed grains and some coarse
grains appearing in bands parallel to the powder layerst®82%22;
a unique layered microstructure of duplex-like regions and
equiaxed -grain layers, also called -bands®®®; a bimodal
microstructure separating ne and coarse-grained areas!; or
a microstructure without columnar grains but ne equiaxed
regions of lamellar / »-colonies and coarse -grains.®?
Explanations for the formation of such microstructures include
the evolvement of the microstructure as the result of the double
cascadic peritectic reaction (with , and from the initial solidi-

ed melt and -grains as the result of the second peritectic reac-
tion L ¥ )57 the formation of coarse equiaxed -grains in
bands as the result of local overheating,? and a certain part of
the duplex microstructure being subject to annealing just above
the eutectoid temperature, transforming it into -bands.?”
Unfortunately, these layered and/or banded microstructures
show anisotropic mechanical properties when it comes to tensile
and fatigue testing,”>?” which are often unacceptable for
application. The knowledge of the processing-related formation
mechanism of banded microstructures and the possible
remedies is, therefore, necessary.

Furthermore, a common appendage of TiAl manufactured by
EBM is the evaporation of volatile elements near the surface of
the melt baths, such as Al with its high vapor pressure.*3
Examples of quanti ed Al loss in the course of EBM for
Ti-48Al-2Cr-2Nb include a loss of 2.3at%,?” 0.5-4 at%,®
3at% with high energy input,®” 2at%,?% below 2 mo%,*® or
even a loss of 7.37 at%,® which might change the alloy consti-
tution considerably and depends on process parameters. Such
EBM parameters as the beam scan speed v [mm's 1], the beam
current I [mA], the acceleration voltage U [kV], and the line offset
lots [ m] can be conveniently combined into terms describing the
general energy input such as the line energy E, [ mm '] and the
area energy Ex [Jmm 2, as expressed via Equation (1) and (2)

E, .. % 0
Ul
h @

Schwerdtfeger et al. observed an increase of the Al loss with an
increased E_ as well as an increase of Al loss with increased | for
constant E,.®% It was concluded that lower beam currents lead to
reduce overheating of the melt pool and, subsequently, a reduced
Al loss. Klassen et al.,** concluded that E, controls the peak
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temperature of the melt pool and, thus, the amount of Al evapo-
ration as well as the ratio of melted to deposited material.

However, neither E. nor EA do, in fact, control the EBM
process, but their constituents v, I, and |l along with the beam
strategy. With appropriate control of these process parameters, it
is possible to control the melt pool’s dimension, duration, and
temperature and, thus, control the amount of evaporation, as
the loss of Al gets reduced using less energetic process
parameters.

Nevertheless, heterogeneous distributions of Al in consoli-
dated TiAl samples remain a challenge, and an overarching
attempt to study the formation mechanism of these banded
microstructures, also taking into account the solidi cation mech-
anisms with respect to the process parameters and in connection
with the process-related Al loss, is still lacking.

A part of the authors previously reported for an EBM TNM alloy
that the adjusted microstructure, apart from the very top, is best
described by a long term intrinsic cyclic annealing in the course of
the EBM process, which can be approximated by the thermody-
namic equilibrium at building temperature, which was found
tobe 50 C above the preheating temperature.*® As hour-long
building at elevated temperature led to a considerable coarsening
of the lamella spacing in / »-colonies, the full-grain structure was
easily resolvable with a conventional scanning electron microscope
(SEM), revealing pronounced heterogeneous phase distributions
as a result of the heterogeneous Al distribution after evaporation
of the aforementioned chemical element.™* Hot isostatic pressing
(HIP) and a subsequent heat treatment remain, therefore, manda-
tory for electron beam melted TiAl alloys.

Although heat treatment studies on electron beam melted TiAl
were performed,3:18:21:2237.38.42454651] g jnyestigation of the
heat treatment response with regard to the respective processing
parameters, especially considering the tendency to form banded
microstructures, has been undertaken yet to the authors’ best
knowledge.

In this context, this article addresses the formation mecha-
nism of the banded/layered microstructure in EBM Ti-48Al-
2Cr-2Nb by a process parameter study taking into account the
changes in overall chemistry, microscopic elemental and phase
distribution, mechanical properties, as well as solidi cation
behavior. The claims made are supported by thermodynamic
equilibrium calculations and numerical simulation. Further-
more, the response to speci ¢ heat treatments is presented as
a function of the respective parameter set, and, nally, a heat
treatment route as remedial action is introduced, which can
be taken into account during future alloy design processes to
tailor TiAl alloys toward an industrial-scale fabrication via EBM.

www.aem-journal.com

2. Microstructural Characterization

The chemical compositions of the investigated electron beam
melted Ti-48Al-2Cr-2Nb alloy samples after EBM, as estab-
lished by X-ray uorescence spectroscopy (XRF) and carrier
gas hot extraction (CGHE), are listed in Table 1. Information
about the EBM process and the different manufacturing param-
eters of the ve cubics (30 30 30mm?®) specimens can be
found in Section 8. It becomes apparent that the overall chemical
composition is a function of the manufacturing parameters,
which can be attributed to the evaporation of volatile elements,
such as Al, during the vacuum process, as throughout described
in the following references.®**®! With increased energy input,
expressed as higher E;, the Al content decreased from 48.13 at
% for sample A to 46.96 at% for sample E, with samples B, C,
and D being situated in between with Al contents of 47.96,
47.69, and 47.30 at%, respectively. The respective E_, which
remains constant during the process due to the square melting
areas of the samples, is inserted in the micrographs to make the
comparison of specimens with a different process history easier
for the reader. Figure 1 shows the microstructures of the consol-
idated EBM Ti-48Al-2Cr-2Nb alloy, obtained by SEM in back-
scattered electron (BSE) mode, where each sample was
manufactured with a different set of processing parameters
(see Section 8). The building direction Z is upwards.
Figure la depicts the microstructure of specimen A, manufac-
tured with E_ of 0.17Jmm L. The microstructural constituents
are outlined in the enlarged gure inset. Three different phases
are distinguishable, all of them ordered intermetallic phases.®!
The tetragonal -TiAl phase (L1, crystal structure) appears dark
in the BSE contrast due to its high Al content, and seizes the
greatest share of the microstructure. The hexagonal »-TizAl
phase with the DO0,g crystal structure is intermediate grey due
to its high content of Ti and appears in two different morphol-
ogies: globular and in form of lamellae in / »-colonies, which is
also outlined in the gure inset. The ,-TiAl phase with its bcc B2
crystal structure and high content of heavy -stabilizing ele-
ments, such as Nb, appears bright in the BSE contrast, and is
scarcely distributed in globular fashion. This microstructure is
classi ed as a so-called near- microstructure, as the predomi-
nant part of the microstructure is the globular -phase.”
Figure 1b—e shows the respective microstructures for samples
B, C, D, and E, manufactured with increasing line energies.
In general, all of these microstructures fall into the category
of near- microstructures, however, showing important differen-
ces in terms of microstructural homogeneity and grain size. As a
consequence of different processing parameters, namely, an

Table 1. Overall chemical compositions of the investigated samples as established by XRF and CGHE, the porosity as measured by image analysis, the

macroscopic hardness according to HV10, and the respective

-transus temperature T 1 as established with thermomechanical analysis (TMA).

Sample designation Ti [at%)] Al [at%)] Cr [at%)] Nb [at%)] O [m ppm] Porosity [%] HV10 T+[C]
A bal. 48.13 1.88 2.01 1000 0.85 221 1367
B bal. 47.96 1.88 2.01 1000 0.24 225 1362
C bal. 47.69 1.87 2.03 960 0.11 229 1356
D bal. 47.30 1.88 2.03 930 0.08 234 1348
E bal. 46.96 1.87 2.04 920 0.04 261 1342
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Figure 1. SEM-BSE micrographs of as-EBM samples A-E (images a—e) revealing a change in microstructural morphology from a coarse-grained,
homogeneous near- microstructure toward a banded near- microstructure, where the coarse -grains are accompanied by ne-grained zones (marked

with arrows) of

and , and scarce ,. As a measure of the energy input into the powder bed, the respective E, is indicated in the micrographs. The

microstructural constituents are marked in the inset in (a), where the globular -, ,-,and ,-phase are outlined as well as the silhouette of the remains of
a / ,lamellar colony. f) Shows the results from quantitative phase analysis by XRD for each of the samples, indicating that the change in overall
chemistry and microstructural morphology is accompanied by a shift in the as-EBM phase composition.

increasing energy input realized by an increased beam current
and/or a decreased scan speed, the microstructure in sample
B (Figure 1b) reveals ne-grained zones, which are marked with
arrows. By increasing the E, further, as seen for sample C in
Figure 1c, ne-grained zones seem apparently expanded to wider
regions. In sample D, with its microstructure shown in
Figure 1d, the ne-grained zones start to emerge in a banded
fashion, with alternating layers of coarse-grained -bands and

ne-grained zones of -and ,-phase. When it comes to sample
E (Figure 1e), the banded, or layered, the microstructure is vig-
orously noticeable. By changing the process parameters, that is,
increasing the energy input, a transition from a comparably
coarse-grained near- microstructure via an increased amount
of ne-grained zones of and , (as called duplex like ne

Adv. Eng. Mater. 2021, 23, 2101199 2101199 (4 of 22)

grains,®” or ne two-phase region of and ,,5%) in both, glob-
ular and, more rarely, lamellar constitution, becomes clear and,

nally, manifests itself fully banded with an E_ of 0.45Jmm *
used for sample E. The coarse -grains, that occupy most of the
microstructure of low E; samples (A, B), transform into a sand-
wiched structure between these ne-grained areas of and , by
increasing the E_. The formation of banded microstructures in
EBM Ti-48Al-2Cr-2Nb is, therefore, always linked to the respec-
tive process parameter-related history. The formation of this lay-
ered microstructure can be suppressed, and supported, by
choosing respectively appropriate process parameters. It should
be noted that the layer-wise manifestation of the microstructure
is not constant, and shows varying band thicknesses, which has
also been noted before.?”! The reason is addressed later in this

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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article. Not only does the microstructure differ as a matter of pro-
cess parameters but also the porosity, as listed in Table 1, does.
While sample A showed a porosity of 0.85%, with increasing
energy input the porosity decreased, as sample B revealed a value
of 0.24%, followed by sample C with a porosity of 0.11%, sample
D with 0.08% and, nally, sample E with 0.04%. Two types of
pores appear in electron beam melted TiAl alloys: pores, which
are elongated perpendicular to the building direction that reveals
a lack of fusion between adjacent melting layers, and spherical
pores stemming from Ar entrapment, which was originally
entrapped in the powder particles during their production.[22]
Both samples A and B showed a lack of fusion porosity, which
typically can be prevented by adjusting the processing parame-
ters accordingly, as also shown with this parameter study. For
the other specimens only spherical pores were recorded. It is
important to note that the rst signs of microstructural inhomo-
geneity appeared in sample B, which had not been manufactured
with an adequate energy input to result in dense specimens with-
out a lack of fusion-induced porosity. Thus, at least slight micro-
structural inhomogeneity with ne-grained zones, or banded
microstructures, as for the samples D and E with high energy
input, appears to be an appendage hard to prevent when
manufacturing properly dense EBM Ti-48AI-2Cr—2Nb speci-
mens. Hardness measurements according to Vickers, displaying
the in uence of the processing parameters on the macroscopic
mechanical properties, are also shown in Table 1. Sample A
behaved the softest, showing 221 HV10. With increasing energy
input during manufacturing, the hardness value increased to 225
HV10 for sample B and 229 HV10 for sample C. 234 HV10 was
measured for sample D. Sample E, nally, was the hardest,
revealing 261 HV10, leading to a difference in HV10 values of
40 for the same alloy manufactured with different processing
parameters. This corresponds to an increase in macroscopic
hardness of 18% for the same alloy by altering the process param-
eters of EBM. The reasons for this deviation in macroscopic hard-
ness values are twofold. First of all, microstructures appear
increasingly ne-grained with an increase in the energy input
in terms of E;, which leads to an increased strength which is
expressed as an increase in macroscopic hardness.®*4 The sec-
ond reason becomes apparent with the results from the quanti-
tative phase analysis via Rietveld re nement on X-ray diffraction
(XRD) data, presented in Figure 1f. Not only does the overall
chemistry change considerably with regard to the processing-
related history but also the phase composition of the samples
in their as-EBM state varies. As discussed in Section 1, apart
from the very top, most parts of the microstructure of EBM
TiAl alloys are explainable by long-term annealing at a respective
building temperature. When combining this circumstance with
the fact that the respective chemistry for electron beam melted
TiAl alloys is a matter of the processing parameters, an explana-
tion for different resulting volume phase fractions for different
process parameters is obtained. Samples A and B are similar in
phase fractions, with 94.8 and 94.5vol% -phase in addition to
4.1 and 4.8vol% ,-phase besides traces of , in the range of 1.1
and 0.7vol%. By increasing the E, the amount of -phase
decreases to 92.2vol% for sample C, while the phase fraction
of , increases to 7.1vol%. As the chemistry undergoes a shift
to the Al-lean side by increasing the energy input during the pro-
cess, the phase fractions resulting from an approximated
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equilibrium state at the building temperature of the respective
process also shift toward the Al-lean side of the Ti-Al-Cr—
Nb(-O) phase diagram. The volume phase fractions are similar
for sample D with 92.5vol% , 7.1vol% ,, and 0.4vol% ,. The
highest energy input in sample E resulted in 91.5vol%
8.2vol.% 5, and 0.3vol.% . With increasing energy input
the amount of -phase, therefore, decreased by increasing the

»phase fraction. The -phase is softer than 5, which is
another contribution to the differences in established HV10 val-
ues for specimens manufacturing with different E_. Apart from
that, the measured phase fraction of the ,-phase does decrease
as well. Still, differences in the phase fraction of , are marginal
and might simply submerge within the error of the Rietveld
re nement.*® Since the small amount of ,-phase does not
appear to have an in uence on the microstructural formation
of EBM Ti-48Al-2Cr-2Nb, the issue was not pursued further
within this work.

In Figure 2a, results of the thermomechanical analysis (TMA)
measurements as normalized derivative curves of the displace-
ment are drawn over the temperature for each of the specimens
investigated. Represented by the peak temperature,®! the -tran-
sus temperature (T 1) does shift with a change in process param-
eters. With Al evaporation, and, therefore, the change in overall
chemistry, the peak temperature undergoes a change to lower
temperatures. The established T + are listed in Table 1 for each
of the specimens, which is 1367 C for sample A, 1362 C for
sample B, 1356 C for sample C, 1348 C for sample D, and
1342 C for sample E. To visualize the effect on the phase
transformation temperature with Al loss, as a consequence of
evaporation during the process, a calculated isopleth section
via the computer coupling of phase diagrams and thermochem-
istry (CALPHAD) method for the Ti-Al-Cr-Nb system is dis-
played in Figure 2b. It should be noted that the calculated
section keeps the ratio of Ti:Cr:Nb constant at 48:2:2, which is
more representative for the EBM process, as the percentages
of Al lost by evaporation during EBM are not solely lled upon
with Ti, but in the ratio of 48:2:2 with Ti, Cr, and Nb. It was sim-
pli ed that neither Ti nor Cr or Nb suffer from the same volatility
to evaporation as Al in the Ti—-48AI-2Cr-2Nb alloy. This isopleth
section is, therefore, more suited to represent the change in over-
all chemistry during EBM than a quasi-binary section of
(100 x 4) Ti x Al 2 Cr 2 Nb. The phase- eld
regions are indexed with the respective phases and the nominal
composition of the Ti-48AI-2Cr-2Nb alloy at 48at% Al is
marked with a dotted vertical line. The intersection with the

¥ phase- eld line marks the T ; at a temperature of
1372 C. Furthermore, the overall chemistries according to
Table 1 and the established T + for the specimens are marked
in the diagram. The T 1 are only slightly overestimated by the
thermodynamic calculations compared to the experimental
results, ranging from 1.5 C for sample E to 8.0 C for sample
B, and, therefore, can be considered as excellent approximations.
Additionally, the To-temperatures were calculated as a function of
the Al content for the liquid (L ¥ ),(L ¥ ),and( ¥ ) phase-
pairs and added to the diagram as curves. As such, the T, temper-
atures represent the respective temperature, at which the Gibbs
free energies of the chosen phases are ident. For a phase trans-
formation to happen the free energy of the transformation prod-
uct has to be lower than the free energy of the starting phase,’®®

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. Results from the TMA measurements are shown as normalized displacement derivative curve over the temperature for samples A-E in (a). The
established T 1 based on the peak temperatures are inserted. Results were translated into the isopleth section in (b) for the Ti-Al-Cr-Nb system and a
constant ratio of Ti:Cr:Nb ... 48:2:2. The respective phase- eld regions are indexed with the stable phases and the Ti-48AI-2Cr-2Nb composition is

marked with a dotted vertical line. The calculated Ty curves for L ¥

decreasing the Gibbs free energy of the system overall. In terms
of a phase transformation with limited diffusivity, a phase
transformation may not happen before reaching that respective
temperature. The use of the Ty-curves is discussed later on.
The choice of EBM process parameters for a Ti-48Al-2Cr-
2Nb alloy, therefore, does change the outcome in terms of local
and overall chemistry, phase transformation temperatures,
microstructural appearance, quantitative phase composition,
and, as a direct consequence of the point aforementioned, also
the hardness. However, not only the overall chemistry does shift
in accordance with the change in processing parameters but also
the chemical distribution of the evaporation-volatile Al depends
on the respective process parameters.**3¢ |t is, therefore, para-
mount to investigate the in uence of the process parameters not

(purple), L ¥

(olive), and ¥  (turquoise) are drawn as well.

only on macroscopic characteristics such as overall chemistry,
phase fractions, and hardness but also on the microscopic scale
based on the chemical distribution. Electron probe microanalysis
(EPMA) measurements were utilized to illustrate these character-
istics for process parameters used in this study, with the results
being shown as SEM-BSE images paired with their respective
quanti ed elemental concentration maps for Al in at% in
Figure 3. Whereas sample A (Figure 3a) and sample B
(Figure 3b) revealed very homogeneous chemical distributions
of Al on the microscopic scale, an E; of 0.27Jmm  for sample
C (Figure 3c) resulted in the appearance of banded characteristics
in the elemental distribution map. As the energy input was fur-
ther increased to 0.38Jmm ! (sample D, Figure 3d), a banded
appearance of the microstructure, more precisely of Al-lean

Figure 3. Results from the EPMA investigations show the elemental distribution maps for Al in at% for sample A-E (images a—e) together with the
associated microstructure images. Measured Al concentrations change with different process parameters, ranging from 43 to 48 at% for sample A-C,
from 41 to 48 at% for sample D, and 40 to 47 at% for sample E. Starting from the low E_ (sample A and B), the Al distribution becomes increasingly
heterogeneous when moving toward the high E;, sample (sample E), revealing pronounced banded features with a disparate layer thickness and devia-
tions from a perfect banded structure. The black arrow denotes the building direction Z, whereas the white arrows mark the lack of fusion porosity in (a).
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