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Electron Beam Based Additive Manufacturing
of Alloy 247 for Turbine Engine Application: From
Research towards Industrialization

MARKUS RAMSPERGER and SIMON EICHLER

In this contribution it will be shown how the metal powder bed fusion technology electron beam
melting (EBM) enables a successful crack- and defect-free processing of the non-weldable
Ni-based superalloy Alloy 247. Besides a defect-free processing, EBM process capabilities offer
unique opportunities to tailor the microstructure according to material requirements for
high-temperature applications. It could be demonstrated that EBM material properties are
comparable or even better than traditionally casted Alloy 247 material. Tailored polycrystalline
and columnar microstructures were achieved by process parameter adoption for solidification
control. The EBM as-built microstructure was characterized by conventional metallography
techniques and the results were used to define an adopted HIP + heat-treatment cycle which was
applied prior to mechanical testing. Thus, corresponding mechanical and microstructural
properties in different conditions will be presented and discussed to show EBM material
capabilities. As a result, directionally solidified (DS) EBM material can achieve similar creep
performance asDS cast material, despite an observed fine-grained ‘‘micro-DS’’ structure in EBM.
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I. INTRODUCTION

NI-BASED superalloys have a long history within
the high-pressure turbine (HPT) and low-pressure tur-
bine (LPT) section of turbine engines, thanks to their
superior high-temperature properties above 800 �C.
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Large R&D efforts over the last 50 years resulted in an
expansion of their high-temperature capabilities by
developing new alloys and advanced casting technolo-
gies. Nevertheless, high demands on material qualifica-
tion and validation efforts resulted in long development
times to bring new alloys into service. Therefore,
well-established, and well-known Ni-based alloys (from
the 70’s) were still used in the latest versions of the
turbine engines. A recent example is the GE9X engine
depicted in Figure 1. Besides new materials like Tita-
nium Aluminides (TiAl), almost half of all used com-
ponents are made from Ni-based Superalloys in different
microstructural configurations.

One example is the flow-path hardware of the Turbine
Center Frame, where Alloy 247 (MAR M247) is used
for several components. This conventionally cast (as
CC, equiaxed) Superalloy was developed in the early
1970’s by the Martin Metals Corporation and show
excellent creep and oxidation properties due to the high
c¢ volume fraction of> 60 pct and a high content of
refractory elements. Alloy 247 has a good castability
due to the addition of Hf and is still one of the most
common CC materials for static and rotating compo-
nents as vanes, shrouds, nozzles and turbine blades.
Alloy 247 can also be cast as directionally solidified (DS)
or single crystal (SX) material,[1] however, the alloy was
originally not optimized for anisotropic configurations.
The need for even better creep and fatigue performance
for new engine generations led to modifications of
MAR M247 by Cannon Muskegon in the late 1970’s.
By lowering the C, Zr, Ti, Si and S content, grain

boundary cracking could be handled during DS casting
and carbide microstructure improvement was achieved.
The result was the MAR-M247 DS derivate
CM247LC.[2]

Several Ni-based Superalloys like IN718, IN625 or
HastalloyX became well-established within the AM
materials portfolio of various machine manufactures.
Since metal powder bed fusion Additive Manufacturing
(AM) evolved over the past 15 years. These alloys are
already successfully integrated into today’s state of the
art AM serial production of aerospace components.
Electron beam melting (EBM) and laser powder bed

fusion (L-PBF) are the two most established powder bed
fusion technologies to date. As both EBM and LPBF
utilize an energized beam for material consolidation,
they are closely linked to welding physics and suffer
from a high crack-susceptibility during processing of
Superalloys with a high-gamma prime content like
Alloy 247. The alloy was originally designed for casting
application where predominant slow solidification
velocities and low gradients are present, not for rapid
solidification and high gradients occurring in L-PBF
and EBM processing. These solidification conditions
lead to high level of residual stresses within the
components and the layer-based manufacturing to a
consistent partial remelting of already solidified mate-
rial. This can cause several types of cracking in different
processing steps and during solidification.[3–8]

Crack-sensitivity issues of Alloy 247 in welding is
well-known and the alloy is therefore referred to as a
‘‘non-weldable’’ or ‘‘poorly weldable’’ material.

Fig. 1—Schematic of an GE9X aero engine. Besides new and innovative high-temperature materials like stage 5 and 6 TiAl blades in the LPT,
many components within the HPT and LPT are made off Ni-based Superalloys in different microstructure configurations [courtesy of GE
Aviation].
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An overview about the weldability of Ni-based
Superalloys in comparison to their aluminum (Al) and
titanium (Ti) content is given by the chart in Figure 2.
Al and Ti as gamma prime forming elements are
controlling the amount of c¢ in the alloy and act as an
indicator for their weldability.[9] Typically, alloys show
good weldability below the dotted line depicted at 3 wt
pct Al and 6 wt pct Ti. Nevertheless, besides the amount
of c¢ in an alloy, weldability is also depending on the
base material, grain microstructure and grain size
distribution.[10]

As shown in Figure 2, Alloy 247 is found deep in the
non-weldable field of the weldability chart. Several
attempts to process commercially available powder
chemistries of Alloy 247/CM247LC using Selective Laser
Melting were reported in literature and severe crack
formation in the consolidatedmaterial was observed even
if the energy input was adapted and new scan strate-
gies/patterns were applied.[12–14]

Crack healing by a subsequent HIP treatment as a
mitigation approach proved to be non-trivial in terms of
process handling. For successful crack-mitigation in com-
ponents a crack-free and dense shell is required. Further-
more, rapid solidification in L-PBF can suppress the main
c¢precipitation during processing and aheat-treatment can
trigger strain-age cracking by c¢ re-precipitation in the
material during the heating phase.[15]

Approaches to adapt the chemistry for L-PBF
towards a better processability by reducing and con-
trolling the content of minor elements like Si can reduce
the overall remaining crack-density in the material.
Nevertheless, an improved AM processability by reduc-
ing minor element contents can have a negative impact
and impair mechanical high-temperature properties of
the material.[3,16,17]

In general, the same cracking mechanisms apply to
EBM and L-PBF manufacturing of high-gamma prime
Superalloys. However, the EBM process has proven to
be less sensitive to crack formation due to the inherent
high process temperatures and the high degree of
flexibly in beam deflection and focusing. Successful
EBM processing of several crack-prone alloys such as
Inconel 738, Rene142 and CMSX-4 were reported in
literature where low remaining crack-density or defect-
free specimens were achieved.[18–20] Basically, a lower
remaining level of residual stresses in the material during
EBM processing is achieved utilizing preheating and
heating sequences within each layer by governing the
heat flux. Furthermore, the flexibility in the e-beam
movement allows advanced melting strategies and
enables control on melt pool shape, solidification
behavior and corresponding temperature gradients
within the melt pool. As a result, cracking issues can
be mitigated and the remaining microstructure can be
controlled in that way, to produce ‘‘micro casting’’ CC,
DS and even SX grain microstructures.[19,21,22]

In terms of EBM processing of MAR M247 only a
few investigations can be found in literature.[23] It seems
that the crack-susceptibility of the alloy is enhanced and
processing more difficult in comparison to other
chemistries. A reason for this could be liquid film
formations at the grain boundaries due to segregation
effects of alloying elements (minor elements).[24]

EBM processing conditions lead to a fully developed
microstructure enclosing c¢ and carbide precipitation
already in the as-built condition. This can be attributed to
the high build temperatures> 1000 �C and isotherm
process conditions which represents an in-situ heat-treat-
ment of the consolidated material during EBM process-
ing. High solidification velocities in EBM lead to very fine
and homogenous as-built microstructures up to an order
of magnitude smaller than in those achieved in invest-
ment casting. EBM material is almost homogenized in
the as-built condition. This results in high-temperature
mechanical properties in as-built EBM condition at least
similar as-cast and heat-treated material. In addition,
LCF and HCF material properties can benefit from
smaller EBM pore (defect) sizes in comparison to cast
material. If a subsequent HIP heat-treatment is applied,
potentially remaining defects can be mitigated, or their
size and amount can be further decreased leading to
superior EBM material properties.[20,25–29]

In this contribution the possibility for fabrication of
Alloy 247 components by EBM is demonstrated.
Resulting microstructures and mechanical properties
for as-built and heat-treated conditions are discussed.

II. MATERIALS AND METHODS

A. Material

The powder used for this work was a gas atomized
Alloy 247 powder provided by Praxair Surface Tech-
nologies (Ni-335-7). The particle size distribution was
measured using a Malvern Mastersizer 3000 laser
diffraction system to D10 = 46 lm; D50 = 68 lm and

Fig. 2—Weldability chart of several Ni-based Superalloys in terms of
their Al and Ti content, adapted and reprinted with permission from
Ref. [11]. Alloy 247 as a non-weldable alloy is highlighted in the
regime for poorly weldable alloys.
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D90 = 100 lm. The chemical analysis is shown in
Table I. It is worth to mention, that the Hf content is
on the lower end and C content on the upper end of the
specification.

The powder morphology was evaluated using a
metallographic cross-section depicted in Figure 3. Pow-
der particles were mainly spherical with minor number
of irregular-shaped particles and satellites. Noticeable
remaining gas porosity within the powder particles are
typical in gas atomization powder manufacturing route.

B. EBM Processing of Alloy 247

The powder was processed in a modified GE Addi-
tive ArcamEBM Q10plus machine. The standard
Q10plus Electron Beam Unit (EBU) was replaced by a
new generation EBU which is standard for state of the
art ArcamEBM SpectraH systems. The system operated
under controlled 2 9 10–3 mbar He atmosphere, 60 kV
acceleration voltage and layer thicknesses of 50
and 70 lm. The specimen temperature was constantly
kept> 1000 �C during the build process using a defo-
cused e-beam for build surface Preheating and Heating
during the melt process. The left panel of Figure 4
shows a snapshot of the EBM process after material
consolidation and visualizes the elevated process tem-
peratures. Mechanical test specimens on a start plate
after powder removal are illustrated in Figure 4 (right).

For mechanical properties evaluation and microstruc-
ture evolution investigations, round shaped specimens
with a diameter of Ø = 15 mm and sample height
h = 75 mm were built on a stainless-steel start plate
utilizing pin support structures.

All specimens were produced by varying normalized
beam velocity v between 500 and 800 mm/s, focus offset
FO between 15 and 35 mA and the volume energy VE
between 80 and 135 J/mm3. Volume energy is defined as:

Volume energy ¼ acceleration voltage � beam current

beamvelocity � offset � layer thickness
J

mm3

� �

For investigation of the microstructure evolution the
parameter sets shown in Table II were applied. Speci-
mens for tensile testing in PX configuration were
produced using Parameter 1 and for DS configuration
Parameter 7.

C. Heat- and HIP Heat-Treatment

A solution heat-treatment study was performed to
identify the suitable heat-treatment temperature range
for EBM processed Alloy 247. Polycrystalline (PX)
material was chosen for this experiment. Correspond-
ing holding times and temperatures are listed in
Table III. The applied temperature range was based
on Differential Thermal Analysis measurement results
from Baldan et al.[31] for conventional cast
MAR-M247 material.

Complementary HIP heat-treatments were investi-
gated, as HIP processing is a common requirement for
designated safety relevant MAR-M247 applications
within turbine engines. The HIP cycle was performed
at Bodycote Haag-Winden, Germany with industrial
scale equipment, followed by a solution heat-treatment
and a subsequent two-step aging. The common subse-
quent MAR-M247 two-step aging is needed to achieve
the required c/c¢ and carbide microstructure.
Furthermore, a combined HIP-fast cooling and two-

step aging cycle was performed in a HIP furnace at
Quintus Technologies in Västerås, Sweden. Table III
states applied heat-treatment parameters and
equipment.

D. Microstructural and Mechanical Investigation

For microstructural evaluation of the as-built and
heat-treated specimens, metallographic cross-sections
were prepared. To reveal microstructure features, a
V2A etchant (100 cm3 HCl, 100 cm3 H2O, 10 cm3

HNO3, 0.2 to 2 cm3 Dr. Vogels Sparbeize) heated to
70 �C was used for sample contrasting. Imaging was
performed using a DM6M optical microscope form
Leica and a Phenom XL tabletop SEM.
Vickers HV1 hardness measurements were carried out

on a Struers Duramin 40 hardness tester. Stain-con-
trolled tensile tests at elevated temperatures (DIN EN
ISO 6892-2) were performed on a Zwick Z150TL, with
green laser extensometer and round M10 threaded
d0 = 6 mm sample geometry. Creep-rupture tests on
DS material according to ISO 204:2009 were conducted
at Element Materials Technology Pilsen, Czech Repub-
lic. Tests were performed in the temperature range of
760 �C to 980 �C and 100 to 690 MPa stress regime,
respectively.

III. RESULTS AND DISCUSSION

A. Microstructure of EBM Alloy 247 in As-Built
Condition

The produced specimens are technically dense (spec-
imen bulk material density> 99.8 pct) and no critical
cracks could be detected. A defect density< 0.15 1/mm
and defects with feret diameters £ 150 lm were rated as
tolerable.
An overview of present EBM Alloy 247 grain struc-

tures in this work are shown in Figure 5. The grain
microstructure could be controlled from equiaxed to
columnar grains by adapting melting parameters as they
define the melt pool shape, solidification velocity and
temperature gradients. The polycrystalline material
revealed equiaxed and isotropic grains, while the colum-
nar material was highly anisotropic. The ability to
control the degree of grain anisotropy enabled the
opportunity for an in-situ tailoring the microstructure
on demand within a component like a turbine blade.
Tailoring microstructure capability of EBM was

already demonstrated in the literature for other
Ni-based Superalloys like IN718[32,33] and
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Haynes 282,[34] but at the time of this study not for
high-gamma prime alloys with increased crack
sensitivity.

For investigation of the grain microstructure evolu-
tion during processing, the resulting melt pool shape is
of particular importance and was determined for process
parameters 1–6 (see Table II) in the last melted layer
using etched longitudinal cross-sections. The result was
compared to the corresponding bulk microstructure of
each specimen in Figure 6. If process parameters leading
to a distinct sharp and deep melt pool (parameter 1 and
2) are used, a polycrystalline microstructure was
achieved. The mean grain size for poly crystalline
material in this study was ~ 35 lm containing grains
between 3 to 700 lm. In contrast to this, if a plain and
broad melt pool was generated (parameter 5 and 6), a
highly anisotropic and fully columnar microstructure
was achieved. Parameters 3 and 4 led to a kind of hybrid
microstructure containing fractions of columnar and
equiaxed grains.

These observations were in a good agreement with
findings in the literature about microstructure evolution
in EBM processing of IN718 and CMSX-4.[32,35,36]

Derived from the angle of the solidification direction at
the liquid/solid interface of the melt pool, where
solidification velocity and temperature gradient are
perpendicular to the interface. Thus, a sharp and deep
melt pool offers a high angle at the interface, epitaxial
growth is suppressed by new grain formation and lead to
an equiaxed microstructure. Hence, reduced

solidification angles lead to distinct columnar or hybrid
microstructures.
A comprehensive summary on the current under-

standing about microstructure and mechanical proper-
ties of AM processed Ni-based superalloys is given by
the recent review from Adomako et al.[37]

The as-built EBM Alloy 247 microstructure is
depicted in detail in Figure 7. Optical microscopy of
an etched cross-section showing the fully developed and
homogenized microstructure consisting of c/c¢, fine and
homogeneous distributed primary carbides within the
grains/matrix and secondary carbides at grain bound-
aries. The cuboidal c¢ precipitates within the cmatrix are
highlighted in the SEM image (Figure 7 upper right)
and the overall c¢-volume content is about ~ 61 pct. The
size of the c¢ precipitates depends on the height of the
produced specimens and EBM processing time. This
effect can be explained by the in-situ heat-treatment
during EBM processing[20] corresponding to a decrease
in hardness from top to bottom of an as-built specimen
which can be seen in Figure 10.
In comparison to findings for EBM processing of

CMSX-4,[25] a similar micro dendritic segregation
behavior in the as-built condition could not be observed
for the investigated Alloy 247 specimens within the
applied process parameter range (see Figure 7). As a
conclusion, chemical segregation remained on such a
small scale and the in-situ heat-treatment at EBM
process temperature> 1000 �C is sufficient for a
homogenization of the material already in the as-built
condition.

B. Microstructure of EBM Alloy 247 After
Heat-Treatment Procedure

For application of Alloy 247 in a turbine engine a
certain c¢ size and carbide morphology is required and
controlled by a subsequent heat treatment. Thus,
heat-treatment is crucial to fulfill structural require-
ments of a component in terms of creep. For cast
MAR-M247 material a standard heat-treatment typi-
cally consists of a super-solvus solution heat-treatment
(SH) followed by a two-step aging procedure at 1080 �C
and 900 �C. The effect of SH temperatures, holding
times and different aging conditions for cast material
was discussed in the work from Baldan et al.[31] As the
current EBM material showed almost no segregation,
SH holding times could be reduced to a minimum to
obtain c¢ in solution for achieving a homogenous
distribution as well as a partial solution and re-precip-
itation of secondary carbides within the specimens.
Based on the SH results for EBM processed

Fig. 3—Powder cross-section micrograph of Alloy 247 powder used
for EBM manufacturing. Some irregular-shaped particles, as-well as
minor gas pores and satellites could be observed but were in a t but
were in a typical range for gas atomized powder.

Table I. Nominal Composition of MAR-M247[30] and Chemical Composition of the Alloy 247 Powder Used for This Study in wt

pct (Leco ON736 for O and N, ICP-OES for All Other Elements)

Element Cr Co Mo W Ta Al Ti Hf C B Zr Si O N

Nominal 8.4 10 0.6 10 3 5.5 1 1.4 0.15 0.015 0.05
Powder 8.31 9.75 0.62 10.13 3.00 5.58 1.06 1.20 0.17 0.01 0.05 0.04 70 ppm 49 ppm

1734—VOLUME 54A, MAY 2023 METALLURGICAL AND MATERIALS TRANSACTIONS A A



CMSX-4,[25] a 30 minutes holding time was chosen to
secure a homogenous heat distribution within the
specimens in this study (see Table III).

Micrographs of EBM material after only SH and air
quenching and after SH and a two-step aging can be
seen in Figure 8. As expected from published DTA
measurements and ThermoCalc calculations from

Reference 31, for sub solvus (< 1240 �C) SH only a
partial solution of smaller c¢ precipitates was achieved
and coarsening of larger c¢ precipitates can be observed.
Only for the specimen held at 1180 �C some remaining
secondary precipitated M23C6 carbides were seen at
grain boundaries. For super-solvus SH above 1240 �C,
all c¢ and secondary carbides were in solution, only the

Table III. Heat-Treatment Parameter for Solution Heat-Treatment Study and HIP Heat-Treatments and Standard Two-Step
Aging Parameter which were Used for This Study

Temperature
(�C)

Holding
Time Pressure Cooling Equipment

Solution
Heat-Treatment
Study

1180 30 min air Narbertherm LHTC 08/15
1200 30 min
1220 30 min
1240 30 min
1260 30 min
1295 60 min

HIP Traditional 1240 4 h 1000 bar furnace Bodycote
HIP Fast Cooling 1245 4 h 1500 bar Argon quenching Quintus
Aging 1 1080 4 h air/argon in HIP combi cycle Narbertherm LHTC 08/15 and Quintus
Aging 2 900 8 h

Table II. Process Parameters Used for Microstructure Evolution Investigation and Mechanical Testing

Parameter
Volume Energy [J/

mm3]
Beam Power

[W]
Line Offset

[lm]
Beam Velocity

[mm/s]
Focus Offset

[mA]
Layer Thickness

[lm]

1 120 600 200 500 15 50
2 90 600 200 667 15 50
3 106 596 150 750 15 50
4 94 604 150 857 15 50
5 135 540 100 800 15 50
6 80 480 300 400 35 50
7 137 480 200 250 30 70

The acceleration voltage was kept constant at 60 kV.

Fig. 4—Glowing EBM powder bed and specimens before recoating of a new powder layer (left). The temperature within the test specimens
is> 1000 �C. Typical build showing cylindrical EBM Alloy 247 specimens for mechanical testing on a start plate (right).
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primary carbides were remaining well-distributed within
the bulk material. Air quenching of super-solvus treated
material led to ultra-fine reprecipitation of c¢. No
recrystallization or grain growth effects could be
observed during all HT investigations. Therefore, the
EBM as-built grain microstructure remained after
heat-treatment and is the foundation for a localized
grain microstructure control in heat-treated compo-
nents. This is of importance and in contrast to L-PBF
processed Alloy 247 where recrystallization effects dur-
ing HT reduce the anisotropy of AM microstructures
and impact material performance.[38] The main differ-
ence between recrystallization and no recrystallization
between both technologies can be explained by a lower
level of residual stresses in EBM material due to elevated
process temperatures causing an in-situ stress relief
within the components.

By applying the two-step aging, secondary precipi-
tated M23C6 carbides were reprecipitated at the grain
boundaries in a chain configuration independent of a
prior sub- or super-solvus SH. The partial dissolution of
the c¢ below 1240 �C (sub-solvus SH) led to coarser c¢
particle size after aging than in super-solvus SH treated
material, where all c¢ was in solution prior to aging.
Varying super-solvus SH temperatures between 1240 �C
and 1260 �C show no significant impact on the c¢
precipitation size. Based on the results of this HT study,
a super-solvus HT at 1240 �C is recommended for EBM
Alloy 247 material to achieve the desired size and
distribution of c¢ and carbides.

C. HIP and Heat-Treatment Investigation of EBM
Alloy 247

Defects like pores and micro-cracks cannot be com-
pletely removed in conventional casted CC and DS
Alloy 247 components. Consequently, a subsequent
HIP heat-treatment is commonly applied to ensure

component performance in service. This approach was
also applied to EBM manufactured Alloy 247 compo-
nents. Therefore, PX EBM material was post processed
with HIP + SH + two-step aging according to
Table III to close potential remaining defects in the
bulk material prior to testing.
Figure 9 (top row) shows the resulting microstructure

after ‘‘traditional’’ subsequent HIP and HT procedure
for PX material in both directions. The top left panel
shows the perpendicular direction the center and right
penal shows the build direction for two magnifications.
Similar to the results in the HT study, primary carbides
were finely distributed within the bulk material and
secondary carbides were well precipitated at the grain
boundaries.
Despite the traditional HIP and HT procedure, a

combined HIP and HT cycle was applied to EBM
Alloy 247 DS material in a HIP furnace with fast
cooling capabilities. The benefit of this process route is
the elimination of SH equipment and process time. The
resulting microstructure is depicted in Figure 9 (bottom
row) in both directions, perpendicular (bottom left) and
in build direction for two magnifications (bottom center,
bottom right). In contrast to PX EBM material, primary
carbides were more pronounced in lines following the
columnar grain morphology. Secondary carbides were
mostly distributed in a chain configuration at the grain
boundaries and did not form carbide networks or
carbide films along the grain boundaries.
Both HIP heat-treatments led to good microstructural

properties. No defects as well as no recrystallization or
grain growth were observed in the bulk material.
Possible remaining segregations were not observed and
a fully homogenized material exhibiting a homogeneous
c¢ size and distribution was obtained. This highlights the
potential in terms of cost saving by exploiting a
combined HIP and heat-treatment cycle for Alloy 247
EBM components with consistent material quality.

Fig. 5—Typical EBM Alloy 247 grain microstructures within specimens of Ø 15 mm. The process parameters are defining melt pool shape,
solidification velocity and temperature gradients and control whether a poly crystalline and equiaxed (left) or a highly anisotropic columnar
(center) grain microstructure is remaining in the specimens. Local tailoring of the microstructure was possible as-well and demonstrated by
alternating PS and DS in certain z-heights (right).

1736—VOLUME 54A, MAY 2023 METALLURGICAL AND MATERIALS TRANSACTIONS A A



D. Mechanical Room and High-Temperature Properties
of EBM Alloy 247

To evaluate the potential of EBM Alloy 247, mechan-
ical properties were investigated for poly crystalline
(PX) and directionally solidified (DS) EBM test speci-
mens and compared with other manufacturing
technologies.

Vickers hardness measurements performed along the
build direction in as-built and heat-treated specimens
are shown in Figure 10. The as-built state shows a
hardness of ~ 510 HV1 at the sample top surface
and ~ 440 HV1 for material consolidated> 5 mm
below the top surface. The increased hardness at the

top surface region can be explained by the occurrence of
very fine c¢ precipitates within this region. The top
surface material was melted last and has seen the
shortest exposure time during in-situ EBM heat-treat-
ment resulting in a c¢ precipitation growth over time.
Thus, hardness values could be directly correlated to a
certain c¢ size exhibiting a gradient along the build
direction which is typical for EBM fabricated high c¢
Superalloys and were in a good agreement to reported
results for EBM SX CMSX-4 material.[39] An increased
hardness level for EBM Alloy 247 could be caused by
the PX microstructure and the presence of carbides in
this alloy.
After applying a full heat-treatment procedure, a

hardness of about ~ 380 to 390 HV1 was measured
across the full sample height indicating a mean c¢ size of
about 0.4 to 0.5 lm homogenously distributed within
the specimen.[11] While as-built EBM hardness values
were in good accordance to micro-hardness tests con-
ducted on heat-treated L-PBF and Binder Jet
CM 247LC material (~ 450 HV0.1), the heat-treated
EBM Alloy 247 showed a decrease in hardness of ~ 60
to 70 HV.[16,40] Lower values in HT EBM condition
compared to stated reference data may be caused by
differences in c¢ size and quantity of carbides within
Alloy 247. Differences could also partially be caused by
deviating measurement methods between HV0.1 and
HV1.
Tensile test results at room- and elevated temperature

for EBM Alloy 247 with poly crystalline (PX EBM - HIP
HT) and directionally solidified (DS EBM - HIP HT)
microstructure are shown in Figure 11. The results were

Fig. 6—Melt pool shape, size and corresponding bulk grain microstructure using process parameters from Table II. The melt pool shape can be
correlated to the formed grain microstructure. Distinct and sharp melt pools shapes lead to more equiaxed and plain form to anisotropic grain
microstructures.

Fig. 7—Typical EBM Alloy 247 as-built microstructure (PX), OM
and SEM BSE contrast imaging.
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Fig. 8—Micrographs of EBM Alloy 247 after different solution heat-treatment (SH) temperatures and corresponding microstructure after
applying a two-step aging. Below 1200 �C secondary precipitated M23C6 carbides are remaining at grain boundaries. Up to 1240 �C coarse c¢ is
not completely dissolved. Above 1240 �C carbides and c¢ phase is resolved, only fine primary MC carbides remain homogeneously distributed
within the gamma-matrix. Aging leads to re-precipitation of M23C6 carbides in a chain-like shape at grain boundaries.
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compared to values from the literature values for casted
CM247 LC[41] with varying grain sizes (Casting PX 80
to 90 lm, PX 150 to 200 lm, PX 2–3 mm) and
Binder Jet material data for R108 (Binder Jet PX).[42]

R108 is a CM247 LC derivate developed by General
Electric and shows similar mechanical properties.

The yield tensile strength (YTS) of tested PX EBM
material showed consistent results with the PX cast
reference from CM247 LC. At room temperature, PX
EBM and the cast PX reference material showed a yield
strength between 950 and 1000 MPa, which is in
agreement with other casted MAR-M247 results
reported in Reference 43 and PX Binder Jet material.[40]

DS EBM material showed a slightly lower YTS at room
temperature corresponding to the elastic modulus
dependency of crystallographic orientation in DS

material. Due to the yield strength anomaly of c¢
hardened Ni-based superalloys, the typical increase of
yield strength up to temperatures around 760 �C was
observed with a maximum yield strength between 950
and 1050 MPa. For temperatures above 760 �C a
continuous decrease in yield strength could be observed
as expected. DS EBM material shows the highest YTS
strength here. The results are even comparable to
conventional cast PX MAR-M247 material data used
in industrial application, recently published by Tang
et al.[44]

For ultimate tensile strength (UTS) at room temper-
ature, PX EBM and Binder Jet material offered the
highest strengths of around 1400 MPa most likely due
to the fine grain sizes. At 550 �C PX EBM material
exhibited superior UTS compared to EBM DS, cast
Reference PX and Binder Jet processed material. For
higher test temperatures, DS EBM also shows the
highest UTS due to grain anisotropy and Binder Jet
material showed to lowest UTS caused by the very fine
PX grain microstructure.
At room temperature, PX EBM and DS EBMmaterial

showed ~ 9 pct fracture elongation and is in accordance
with fine-grained cast reference material. Tang et al. have
reported an even lower elongation for cast PX
MAR-M247 material< 5 pct.[44] An interesting observa-
tion is the EBM material fracture elongation of 10 to 15
pct at ‡ 760 �C for both, PX and DS configuration. In
comparison to PX cast reference and Binder Jet material,
the EBM material showed increased fracture elongation
at this temperature region, which coincide with cast DS
material data reported in Reference 43. While the DS
fracture elongation is aligned with literature data,[2] one
potential explanation for the increased PX.
EBM fracture elongation could be a distinct texture/

degree of anisotropy in the microstructure of PX EBM
material. This should be investigated further in the

Fig. 9—Micrographs of a traditional HIP + SH + 2-step aging heat-treated PX EBM specimen (top row). Micrographs of a combined
HIP + 2-step aging heat-treatment of a DS EBM specimen using fast cooling HIP capabilities (bottom row). Grain microstructure has an
impact on distribution of the primary carbides. In DS configuration the carbides follow the columnar morphology.

Fig. 10—Hardness of poly crystalline EBM Alloy 247 in as-built and
heat-treated condition. The hardness decreases the initial 5 mm from
the top surface in as-built material. This can be explained by a time
dependent growth of c¢ precipitates due to in-situ heat-treatment at
EBM processing. A homogenous hardness level across the entire
sample was achieved in heat-treated condition.
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future and proven by utilizing SEM microscopy and
EBSD measurements. Binder Jet material showed the
highest room temperature elongation of about 23 pct
and stable elongation up to 500 �C, followed by a
substantial drop at 760 �C to ~ 6 pct. The drop is likely
caused by the ultrafine grain size of Binder Jet material.
This is in contrast to the results of Binder Jet produced
MAR-M247 by Dahmen et al., where a maximum of
4 pct elongation at room temperature was reported and
referred to embrittlement due to grain boundary carbide
formation.[40]

Reflecting these tensile test results led to the conclu-
sion that material homogeneity as well as carbide size,
morphology and distribution have a strong effect
especially in terms of elongation. This should be
investigated more in detail in further investigations
using advanced characterization methods.

Determination of creep properties for EBM Alloy 247
were performed and compared to literature data for
conventional cast material in PX and DS condition as
well as to other AM processing technologies.[12,13,16] The
Larson–Miller plot in Figure 12 show the determined
DS EBM Alloy 247 creep results (tested in DS orienta-
tion) values from literature for a comparison. Baselines
are the dotted lines for conventional cast PX and DS
material from Reference 45. EBM DS material creep

results for selective temperatures and load conditions
show that creep properties better than PX and compa-
rable to DS casting could be achieved. Indications for
superior performance in the high-stress low-temperature
regime could be recognized. The test at 950 �C and
100 MPa conditions was stopped at about 2330 hours
and 0.51 pct elongation after exceeding PX cast prop-
erties for capability demonstration.
The creep properties for fine-grained CM 247LC

presented in Reference 41 were equal to the PX
MAR-M247 baseline, so both alloys are expected to
show similar creep life for poly crystalline condition.
However, reported L-PBF CM 247LC creep life in
Reference 16 was significantly lower. An explanation for
this inferior creep performance can be found in the
reported fine-grained microstructures of about 30 lm. It
is well-known that such as fine-grained material is
leading to poorer creep properties especially within the
high-temperature regime. If this is considered and
compared for the polycrystalline EBM Alloy 247 grain
sizes from this study, it is obvious that similar creep
properties can be expected here. This can be seen in the
Larson–Miller plot (Figure 12) for a stress level of
200 MPa, where the grain size and grain morphology
affect the creep performance within a broad range of
P = 46 to 50.

Fig. 11—Tensile properties of HIP and heat-treated EBM Alloy 247 in PX and DS configuration compared to data from conventional casted
and heat-treated CM 247LC with three different grain sizes (Casting PX)[41] and data from Binder Jet processed R108.[42].
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Fig. 12—Larson-Miller plot to rupture life of DS EBM Alloy 247 material compared to data from PX and DS cast MAR-M247,[45] data from
L-PBF manufactured CM 247LC[16] and data from fine-grained conventionally casted CM 247LC.[41].

Fig. 13—Generic Alloy 247 turbine-blade demonstrator manufactured by EBM with support structures on a start-plate. The three microstructure
images show exemplary the potential for unique tailored or gradient microstructures on demand in turbine blades using EBM. Besides PX and
DS microstructures, a single-crystalline microstructure in bulk material can be achieved and will may expand the AM manufacturing capabilities
of Alloy 247 even more in the future.
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Grain size-controlled creep properties for conven-
tional processed material are well understood. However,
the results from this study led to the question why a
‘‘micro-DS’’ EBM grain structure achieve similar creep
properties as a ‘‘coarse-DS’’ grain structure in invest-
ment casting? This finding strengthens the theory of
Arzt and Singer[46] from the 80’s where they could show
that not only grain size defines creep-rupture properties.
Rather the grain aspect ratio has a more significant
impact on creep-rupture life. Their theory is based on a
change in crack-propagation mechanism from inter-
granular to transgranular mode if the grain aspect ratio
is increasing. The transition point in their investigations
was determined to a ratio of about 20. Above this ratio
creep-rupture life stays mainly constant independent
from the aspect ratio. In the present study, a ratio of
about 40 to 100 was determined by measuring random
chosen grains in DS EBM specimens. This could explain
the excellent creep-rupture properties of micro-DS EBM
Alloy 247 material and could even endorse the theory
from Kurz and Singer for a grain aspect ratio ‡ 20.

Introducing high anisotropy grain microstructures
results in orientation dependent creep-rupture proper-
ties. Having this in mind and based on work which has
been done in literature for conventionally processed
material, transversal creep properties of DS microstruc-
tures are expected to be comparable to polycrystalline
material.[45,47] Thus, a reduction of transversal
creep-rupture properties must be expected for EBM
manufactured material and should be investigated more
in detail in future research work.

IV. CONCLUSIONS

The crack-prone Ni-based Superalloy Alloy 247 could
successfully be fabricated by EBM AM in this work and
the following conclusions could be made:

� By adopting local process parameter during EBM
processing an in-situ grain morphology and
microstructure control was possible. This was
achieved by adapting melt pool shape, solidification
velocity and temperature gradients. Polycrystalline
or columnar microstructures could be achieved as
well as tailored gradient microstructures.

� Tensile properties were comparable to or better than
conventionally processed material. DS EBM mate-
rial provided superior strength- and elongation
values in comparison to other AM manufacturing
technologies at temperatures above 700 �C.

� Directionally solidified (DS) EBM material achieved
similar creep performance as DS cast material, despite
the observed ‘‘micro-DS’’ grain structure in EBM.
Existing reference data for L-PBF and Binder Jet
fabricatedmaterial was inferior to EBMDS condition.
Creep properties were strongly depending on grain
morphology which reveals the possibility to optimise
creep performance by EBM microstructure control.

� As-built EBM Alloy 247 material showed no notice-
able dendritic segregation behavior and exhibited a
fully developed microstructure containing> 60 vol

pct c¢ phase. Carbides were finely distributed within
the grains and at grain boundaries. Due to high
EBM process temperatures (> 1000 �C) a gradient in
c¢ size is present in as-built condition.

� The solution heat-treatment holding time could be
reduced due to the homogeneity of the EBM material
in the as-built condition. The holding time is solely
required to secure a homogeneous temperature within
the component.A suitable super-solvus heat-treatment
was identified at 1240 �C for 30 minutes. No recrys-
tallization effects or cracking issues were observed
during heat-treatment of EBM fabricated material.

� HIP heat-treatment could secure defect-free material
and can be used as a combined HIP + HT process-
ing step, saving time and cost. Sequential and
combined HIP + HT led to similar microstructures,
defined by homogenized material exhibiting plain c¢
size and distribution. Finely distributed carbides
within the grains and re-precipitated carbides at
grain boundaries arranged in a chain configuration
were achieved.

The presented results highlight the EBM capability to
process high gamma prime superalloys such as
Alloy 247. Local microstructure control of components,
combined with excellent directionally solidified creep
properties are seen as foundations for further develop-
ment and adaption focused on development and adop-
tion of the EBM technology for turbine engine
component production. One exemplary application that
will utilize these benefits are turbine blades as shown in
Figure 13. Besides the presented poly crystalline and
columnar/directionally solidified microstructure capa-
bilities, EBM also has the potential for single-crystalline
manufacturing of Ni-based Superalloys in the long term.
This was exemplary demonstrated for Alloy 247 by
applying process conditions published in Reference 39
(see Figure 13). Further highlighting the potential of
EBM processing for future engine applications.
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