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Powder bed-based additive manufacturing (AM) processes are characterized by very high-
temperature gradients and solidification rates. These conditions lead to microstructures orders
of magnitude smaller than in conventional casting processes. Especially in the field of high
performance alloys, like nickel-base superalloys, this opens new opportunities for homogeniza-
tion and alloy development. Nevertheless, the high susceptibility to cracking of precipita-
tion-hardenable superalloys is a challenge for AM. In this study, electron beam-based AM is
used to fabricate samples from gas-atomized pre-alloyed CMSX-4 powder. The influence of the
processing strategy on crack formation is investigated. The samples are characterized by optical
and SEM microscopy and analyzed by microprobe analysis. Differential scanning calorimetry is
used to demonstrate the effect of the fine microstructure on characteristic temperatures. In
addition, in situ heat treatment effects are investigated.

DOI: 10.1007/s11661-015-3300-y
� The Author(s) 2016. This article is published with open access at Springerlink.com

I. INTRODUCTION

SINGLE-CRYSTAL nickel-base superalloys are well
known for their extraordinary high-temperature prop-
erties. Thus, these alloys are widely used in the aero-
space industry for turbine blades and vanes in the hot
section of today’s gas turbine engines.

CMSX-4 is a second generation single-crystal super-
alloy containing 3 wt pct Re. This alloy is derived from
CMSX-2, employing the beneficial strengthening effects
of Re. It was established in the early 1990s and is used
for single-crystalline turbine blades. Single-crystalline
CMSX-4 is typically fabricated via investment
casting and has been extensively developed to enhance
the high-temperature properties. In addition, the
microstructure is optimized by special heat treatments.
After the conventional process route, it is not possible to
dissolve the residual microsegregation in an economic
way.[1] The alloy provides good high-temperature prop-
erties due to the two-phase c/c¢-microstructure, a high
volume fraction of c¢ (up to 70 pct) and the solid
solution strengthening effects of Cr, W, Ta, and Re.
Additionally, Re decreases significantly the c¢ coarsening
kinetics.[2] CMSX-4 also enhances oxidation resistance
due to the reduced level of Cr and an increased level of
Al (Al2O3 former, more stable than Cr2O3 at high
temperatures).

In the as-cast condition, the microstructure of
CMSX-4 shows a dendritic pattern with a c/c¢-eutectic
in between (Figure 1). Segregation is caused by consti-
tutional undercooling during solidification. Typically, c
stabilizers like the refractory metals W, Co, and Re
segregate within dendrite core areas, whereas c¢ stabi-
lizers like Al, Ti, and Ta accumulate within interden-
dritic areas.[3,4] Thus, the cubic c¢ precipitates are smaller
within the dendritic core regions and become coarser
near the interdendritic areas (eutectic regions)
(Figure 1(c)) due to the increased amount of c¢ stabiliz-
ers.[5] Due to the inhomogeneous c¢-distribution and
remaining c/c¢-eutectic, great efforts with respect to
time-consuming heat treatments have been undertaken
to homogenize the microstructure in order to improve
the high-temperature properties.
Usually, specific heat treatments for c¢-precipitation

and aging are performed after homogenization to reach
the optimal c¢ size and cubical morphology.[1,6]

An important criterion for heat treatment is the
primary dendrite arm spacing (DAS) k1 which repre-
sents the length scale of element segregation. With
increasing DAS, homogenization heat treatment gets
more and more difficult and time-consuming. The
refractory metals, especially Re, play an important role
due to their very low diffusion coefficients in Ni (10�14

to 10�16 m2/s) in the temperature range of 1423 K
to 1623 K (1150 �C to 1350 �C).[7,8] Furthermore,
long-time heat treatments are necessary for a sufficient
homogenization. Reducing the DAS results not only in a
shorter and easier heat treatment procedure but is also
expected to improve material properties.
The resulting DAS of the solidification microstructure

can be strongly reduced (by a factor of two) by applying
liquid metal cooling (LMC) or downward directional
solidification process due to the higher temperature
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gradients and solidification rates compared to radiation
cooling.[9,10] In order to reduce significantly the DAS,
powder bed additive manufacturing (AM) is interesting
because of the inherent high temperature gradients and
solidification velocities. Up to now, most of the AM
work concentrated on IN718, due to the good weld-
ability. Selective electron beam melting (SEBM) work
on IN718 was done by Helmer et al.[11] where processing
windows and microstructural properties were investi-
gated. SEBM is a powder bed-based AM method where
complex-shaped parts are built in layers of 50 to 100 lm
in a powder bed in vacuum at high temperatures. The
need to work under vacuum conditions is an advantage
because of the good powder protection from ambient
atmosphere. Therefore, even strongly oxygen affine
materials like Ti can be processed quite well. SEBM is
characterized by a very high beam deflection speed of up
to 8000 m/s and a high usable beam power up to 3 kW.
High c¢ volume fraction materials are susceptible to
crack formation especially to strain age cracking and are
typically considered as hard- or not weldable.[12–14]

Because of their high cracking susceptibility, it is a
challenge to process materials like CMSX-4 by additive
technologies.[15,16] In the literature, investigations on
IN625, IN738, and Rene142 as representative materials
with high c¢ volume can be found.[17–19] Mostly, the
focus in these investigations is on the possibility to
repair single-crystal turbine blades by welding. For
implementing a material with a high c¢ volume fraction
by means of SEBM, only investigations on Rene142 are
known. In that study, it is shown that the fabricated
SEBM product behaves quite ideally with regard to
potential creep-related behavior in turbine blade appli-
cations without any post-heat treatment. This can be
explained by the columnar-grained microstructure of
Rene142 developing during SEBM fabrication.[19]

Since SEBM can be considered as a continuous
welding process, weldability is a good indicator for the
processability, together of materials by SEBM.

Gäumann et al.[20] investigate epitaxial laser metal
forming of CMSX-4. They show that AM is an
interesting technique for local repairs on single crystals

which combines the advantages of near-net-shape man-
ufacturing and a close control of the microstructure, but
no attempts were made to fabricate bulk samples.
In this contribution, the possibility to fabricate

CMSX-4 by SEBM is investigated. By an appropriate
processing strategy, dense and crack-free samples can be
realized. Optical microscopy (OM) and scanning elec-
tron microscopy (SEM) are utilized to provide a
comprehensive microstructural overview. These obser-
vations along with complementary microprobe (EPMA)
element mappings and differential scanning calorimetry
(DSC) measurements provide novel insights into the
prospects for the production of complex CMSX-4
superalloy components by SEBM.

II. EXPERIMENTAL APPROACH

A. Powder

The prealloyed bar stocks were provided by Cannon
Muskegeon Group, and the material was EIGA
atomized (electrode induction-melting gas atomization)
with argon at TLS Technik GmbH & Co. Spezialpulver
KG. The chemical composition of the master melt and
the atomized powder is given in Table I. Chemical
analysis of the atomized powder was performed with the

Table I. Chemical Composition of CMSX-4 Bar Stocks and
Atomized Powder (Weight Percent)

Element CMSX-4 Bar CMSX-4 Powder

Cobalt 9.60 9.80
Tantalum 6.50 6.40
Chromium 6.40 6.50
Tungsten 6.40 6.40
Aluminum 5.60 5.70
Rhenium 2.90 2.80
Titanium 1.01 0.97
Molybdenum 0.60 0.62
Hafnium 0.10 0.086
Nickel balance balance

Fig. 1—Optical and SEM micrographs of an as-cast CMSX-4 sample (etched). (a) Dendritic pattern with the primary and secondary dendrite
arm spacing k1 and k2, respectively, (b) dendrite core, interdendritic region and remaining c/c¢ eutectic, (c) SEM image of the interdendritic area.

1470—VOLUME 47A, MARCH 2016 METALLURGICAL AND MATERIALS TRANSACTIONS A



induction coupled plasma method and is within the
specification of Cannon Muskegon Group for CMSX-4
with a very low impurity level and a low oxygen content.

This crucible-free vacuum atomization process leads
to a high powder quality since oxidation is minimized.
The powder and particles are shown in Figure 2,
respectively. Most of the particles are spherical, but
there are also some irregular-shaped particles and some
satellites, Figure 2 (left). Due to the rapid solidification
during atomization, the microstructure of the particles is
very fine and homogeneous, Figure 2 (right).

In this work, we used round-shaped powder particles
with a particle size distribution between 45 and 105 lm.
The particle size distribution was measured with a
Mastersizer 3000 by laser diffraction technology and the
key parameters were: D10 = 44.1 lm, D50 = 64.3 lm,
D90 = 91.0 lm. The flowability and relative powder
density were determined, based on DIN ISO 4490,
with a bulk density of 56 pct and a flow time of the
CMSX-4 powder (50 g) through a 2.54 mm notch of
21.3 ± 0.3 seconds. Both values are excellent for SEBM.
Thus, the presence of the small amount of satellites does
not strongly reduce the flowability.

B. Sample Preparation

The powder was processed in an ARCAM A2 EBM
system operating at 60 kV accelerating voltage in a
controlled 10�3 mbar helium atmosphere. Maximum
build size of this system can be up to 200 9
200 9 350 mm3. We used a target operating tempera-
ture above 1223 K (950 �C) and a constant layer
thickness of 50 lm.

The SEBM process cycle can be divided into four
steps.[21,22] In the first step, a new powder layer is
applied with a rake system. In the second step, the
powder is preheated and slightly sintered to increase
mechanical stability and electrical conductivity of the
layer. During that sintering process, a strong defocused
electron beam which scans the build area several times at
a very high scan speed (up to 25000 mm/s) is used. The
preheating parameters are chosen in such a way that the

operating temperature is kept above 1223 K (950 �C)
and on a constant level. Preheating is crucial since
superalloys like CMSX-4 are very hard to sinter due to
the formation of a stable Al2O3-oxide layer on the
particle surface. During step 3, the powder is selectively
melted by means of a focused electron beam which fuses
to underlying material. The geometric data are given to
the machine in the form of 2D layer information
extracted from 3D CAD models. In the last step (step
4), the build platform is lowered and the process cycle
begins again with the deposition of a new powder layer.
A design of experiment (DOE) for crack investiga-

tion/prevention was established in this work where 27
cubical samples with dimensions of 15 9 15 9 20 mm3

were built on a start plate with columnar supports.
From the DOE, also an investigation about occurring
binding faults in the samples was performed. The
samples were produced by a line order hatching strat-
egy, where the beam scans the melting area of the block
in a snake-like way with a specific distance between the
melting tracks (line offset) and in a specific line order*.

No contour melting was applied. A schematic for the
scan strategy is depicted in Figure 3, left. For the DOE
beam power, scan velocity and build temperature were
varied and a line order of 5 was used.
To get information about the influence of stresses on

the crack behavior, upside down pyramids with differ-
ent geometries were built at two different build
temperatures using constant process parameters. That
experiment identifies the maximum possible melting
area/diameter and crack initiation height for different
stress states.
From the DOE, an optimum parameter set could be

calculated. With this optimum parameter set, crack-free
samples with a diameter of B 12 mm and a height of 25
mm were produced in a separate build for microstruc-
ture investigations.

Fig. 2—EIGA atomized CMSX-4 (SEM). Left: Powder particles with some irregular-shaped particles (a) and some satellites (b) sticking on parti-
cles. Right: Particle surface with dendritic solidification structure.

*The line order denotes the sequence in which the melting tracks are
molten.
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The samples were investigated by optical microscopy
(OM) utilizing Zeiss/Leica microscopes and digital
imaging. The samples were cut in two cross sections
(horizontal cross section/longitudinal cross section) and
prepared with standard metallographic techniques. To
highlight the microstructure samples were etched with a
V2A etchant at 338 K to 343 K (65 to 70 �C) (100 cm3

HCl, 100 cm3 H2O, 10 cm3 HNO3, 0.2 to 2 cm3 Dr.
Vogels Sparbeize) which etches the present grain
structure as well as the c¢ precipitates leaving the
surrounding c matrix. For the investigation of crack
and binding faults, images with a magnification of
509 in polished condition were used, 5 mm below
the top surface and 2 mm above the bottom, respec-
tively. For each position five images through the
sample were investigated. Binding faults occur when
the energy input is too low for complete melting of
the powder layer and therefore longitudinal pores
remain (see Figure 4). The specific crack density (1/
mm) and the binding faults (in area pct) of each
image were calculated by using a Matlab script.

The DAS k1 was calculated by OM images in
horizontal cross sections as well according to the
following equation:

k1 :¼

ffiffiffiffi

A

N

r

½1�

where A is the area of the sample in the micrograph and
N is the number of dendrites in the area. We apply this
at three places in 1, 5, 10 and 15 mm below the sample
top surface.
At each height four locations in the middle of the

sample were analyzed. To investigate the c/c¢
microstructure SEM imaging (FEI Quanta 450
system) was used. The size and volume fraction of
the c¢ precipitates were determined by the Fullman
Intercept Method at the same horizontal cross
sections which were used for DAS calculations.[23]

Microprobe investigations with a JEOL JXA-8100
system were performed to examine element segrega-
tions within the samples. DSC analysis with a

Fig. 3—Left: Schematic of the hatching strategy for a cubic sample. The line order indicates the chronological order of the melting tracks. The
distance between the tracks is the line offset. Right: Longitudinal and horizontal cross section.

Fig. 4—DOE with nine cubic samples (left) and microstructure with cracks and binding faults (right).
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heating rate of 5 K/min was performed with a
Netzsch STA409.

III. RESULTS

Figure 4 shows a typical start plate with cubic
samples built on columnar supports with parameters
chosen by DOE.

The results of the DOE for individual binding faults
and crack densities are displayed in Figure 5. From the
diagrams, it is evident that binding faults can be
eliminated either by increasing the power or degreasing
the velocity, leading to a higher energy input. The
amount of binding faults decreases with increasing the
temperature. This has to be taken into account regard-
ing Area 1 at the crack density diagram. In Figure 5,
three specific areas can be found. Area 1 indicates that
there is a crack-free area on the left side. But in this area,
the degree of binding faults is the highest. In Area 2, a
high crack density can be found. Nevertheless, a
reduction of the crack density by increasing the temper-
ature can be found in dependence of the temperature.
Crack-free parts can be achieved by using low scan
velocities and at high beam power, related to Area 3.

The results from the pyramid experiment are shown in
Figure 6. The main process parameters are: P = 300 W,
v = 500 mm/s and line order = 5. At lower build
temperature (T1 = 1213 K (940 �C)), independent
from the pyramid geometry, a maximum diameter
without cracks between 5 and 7 mm is possible. The
same experiment at higher temperature (T2 = 1313 K
(1040 �C)) shows no cracks in the pyramids and the
maximum diameter d2 is achieved.

An image section of a 12 mm diameter and 25 mm
height sample produced according parameters to the
DOE (Area 3) for crack-free samples is displayed in
Figure 7. The sample shows in the polished longitudinal
cross section no remaining cracks. Near the surface, the
grain structure is polycrystalline and columnar in the
core. The grains are mainly oriented parallel to the build
direction and grow epitaxially across many layers.

Figure 8 shows a SEM image of an etched horizontal
cross section with dendritic and interdendritic areas and
grain boundaries. DAS investigation of the sample gives
a value for k1 of 7.0 ± 0.5 lm. The morphology of the
solidification segregations (and therefore the different
sizes of c¢) is more cellular compared to conventional
cast material. Only tiny remaining c/c¢-eutectics (about
2 lm) can be detected since the extension of the
interdendritic area is similar to the size of the
precipitates.
Figure 9 shows the regular c/c¢ microstructure in the

dendritic region with the typical cuboidal-shaped c¢ pre-
cipitates. The V2A etchant dissolves the c¢-phase leaving
the c¢-matrix. Due to the high process temperatures, the
precipitates grow during processing from 100 ± 50 nm
at 0.5 mm below the top surface to 380 ± 50 nm at a
distance of 15 mm. The precipitates are homogeneously
distributed in the matrix with a volume fraction of about
72 ± 5 pct independent from the sample height.
Element segregation has been analyzed by qualitative

microprobe analysis of SEBM and commercial invest-
ment cast samples. The samples are produced with
different process parameters to demonstrate their effect
on the DAS. Figure 10 shows the results for the three
representative elements Ta, W, and Re, with very small
diffusion coefficients making long solution heat treat-
ments for homogenization necessary. The cast sample
(Figure 10(a)) shows strong segregation with a DAS of
about 300 lm. Ta segregates into interdendritic regions
whereas W and Re accumulate in dendritic core.
Figure 10(b) is a zoom of Figure 10(a). The influence

of process parameters on the microstructure is depicted
in Figures 10(c) and (d). Sample (c) with a DAS of 6 lm
was built with high scan velocity and small line offset. A
DAS of 3 lm is presented in sample (d) built at slow
scan velocity and high line offset. The latter parameter
set leads to a smaller scale of segregations.
To investigate the segregation behavior in build

direction over a multitude of layers also mappings in
vertical cross sections were made, see Figure 11.
DSC-measurements were performed on heating con-

dition in order to compare the thermal properties of cast

Fig. 5—DOE experiment, where the power, scan velocity, and the temperature were varied. Left: DOE for binding faults. Right: DOE for crack density.
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Fig. 6—Results from upside down pyramid experiment for crack investigation. The diagram shows the maximum diameter which can be realized
without cracks.

Fig. 7—OM image of a crack-free part in the polished condition
(sample size B12 mm and a height of 25 mm). An etched sequence is
shown in which the present grain structure is visible.

Fig. 8—Microstructure of SEBM sample in a distance of 5 mm from
the top surface. (sample size B12 mm and a height of 25 mm, hori-
zontal cross section etched, SEM). Also grain boundaries with
coarse c¢ precipitates are obvious.
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and SEBM samples, see Figure 12 and Table II. In
conventionally cast CMSX-4, Tsolidus and Tliquidus were
determined (based on DIN 51007) to 1603 K and
1669 K (1330 �C and 1396 �C), respectively. For
SEBM CMSX-4, Tsolidus and Tliquidus are 1619 K and
1667 K (1346 �C and 1394 �C), respectively. In addition
to the melting peak, a second small endothermic signal
related to the c¢ dissolution appears at 1571 K
(1298 �C). Furthermore, the SEBM sample shows a
clear sink at the c¢ solvus temperature and no c/
c¢ eutectic solution peak. For the cast sample, no c¢
solvus temperature can be determined but a peak
indicating the solution of the c/c¢ eutectic is visible.

IV. DISCUSSION

A. Crack Formation and Grain Microstructure

As expected, CMSX-4 is hardly weldable due to strong
crack formation during processing. These cracks are
induced by stresses and thus dependent on the geometry
of the sample. The correlation between crack formation
and sample thickness is demonstrated with the pyramid
experiment. To determine parameter sets where cracks do
not occur a DOE approach was applied (Figures 5, 6 and
7). The DOE shows that the build temperature has a
strong influence on crack formation. Thus, very high
temperatures are necessary for crack-free processing of

CMSX-4. Otherwise, only a specific diameter of the parts
can be realized before cracks occurred.
The grain structures of the crack free samples are

columnar in the core of the sample and more polycrys-
talline near the surface (Figures 6 and 7). The reason for
equiaxed grains is grain nucleation from the surround-
ing powder bed during melting and solidification. The
partially molten powder particles act as new grain nuclei
and these nuclei grow and follow the direction of the
temperature gradient G and the solidification velocity v
at solidification front. In the core, G and v are parallel
to the build direction and epitaxial columnar grain
growth across several layers is observed.

B. Primary Dendrite Arm Spacing and Element
Segregation

SEBM results in a significant reduced primary DAS
compared to conventional castings (Figure 10). Thus,
also the segregation scale is on an up to 100 time smaller
scale than in conventional castings. Typical primary
DAS is in the range of 200 to 500 lm for conventional
HRS and LMC processes, depending on the withdrawal
rate, the temperature gradient, and the size and geom-
etry of the cast samples.[9,10,24–26] During SEBM, very
high solidification velocities and temperature gradients
are reached due to self-quenching. The primary DAS is
correlated to G and v by[25]

Fig. 9—SEM images of the SEBM c/c¢ microstructure at different sample heights. c¢ size and volume as a function of the distance to the top sur-
face (sample size B12 mm and a height of 25 mm, horizontal cross section etched).
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Fig. 10—Qualitative microprobe mappings (horizontal cross section) of Ta, W, and Re. (a) As-cast sample analyzed with a spot size of 2 lm (b)
Magnification of (a) (spot size 0.5 lm) (c) SEBM sample (P = 510 W, v = 6000 mm/s, line offset = 0.03 mm) (spot size 0.5 lm) (d) SEBM
sample (P = 180 W, v = 300 mm/s, line offset = 0.1 mm) (spot size 0.5 lm).
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k1 �
1
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1
2

�
1

v
1
4

½2�

Thus, k1 conventional cast (k1
con) and k1 SEBM

(k1
SEBM) can be correlated by

kcon1

kSEBM1

¼
GSEBM

Gcon

� �

1
2

�
vSEBM

vcon

� �

1
4

½3�

From casting of the reference material and unpub-
lished simulation results of the SEBM, the following
values for G and v are established and shown in
Table III.[9,26]

From Eq. [3] and Table III the ratio
kcon1

kSEBM1

is 93. This is

consistent with the experimental observation, that
k1
SEBM can be approximately up to two orders of

magnitude smaller than k1
con. The extreme solidification

conditions have an influence on the morphology of the
microstructure. The dendrites are mainly cellular due to
the high cooling rates which prevent secondary dendrite
arm formation.
Microprobe cross section maps of the SEBM samples

in Figures 10(c) and (d) and 11 show the distribution of
the refractory elements on the scale of the DAS.
Segregation behavior is on a sub-micrometer scale
which is already smaller than the best spatial resolution
of the microprobe of 0.5 lm. Thus, only qualitative
results can be achieved. Information about exact max-
imum and minimum concentration values cannot be
extracted. Differences between (c) and (d) are caused by
the process parameters resulting in different solidifica-
tion velocities and temperature gradients leading to
different DAS, see Eq. [2]. Because of the small
segregation scale, the time necessary for homogenization
heat treatment is strongly reduced. Therefore, standard
heat treatments for many hours can be replaced by heat
treatments within minutes.[27]

Figures 11(e) and (f) show longitudinal cross section
maps across many melting layers. There is no indication
for local segregation effects in build direction.

C. c/c¢ Microstructure and Coarsening

Figure 1(c) shows qualitatively the characteristically
c¢ coarsening from the dendrite core to the interdendritic
region and the remaining c/c¢ eutectic in an as-cast
sample. SEBM samples have a high volume fraction of
c¢ precipitates, the typical cuboidal shape and show a

Fig. 11—Qualitative microprobe mappings (vertical cross section) of Ta, W and Re of sample (c) in Fig 10. (a) Analyzing spot size: 2 lm, (b)
analyzing spot size: 0.5 lm.

Fig. 12—DSC measurements of a conventionally cast sample and a
SEBM as-built sample on heating (5 K/min).
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time depending coarsening in the as-built condition
(Figure 9). Another interesting observation is that only
small-sized c/c¢ eutectics or coarse c¢ particles in the
interdendritic areas can be detected in the SEBM
samples (Figure 8).

Both observations can also be explained by the fine
microstructure and the small scale of segregation. Due
to segregation, the local variation of the c¢ sizes in cast
material is caused by the inhomogeneous distribution of
the c¢ formers. In SEBM samples, the length scale on
which segregation occurs is very small. Thus, the
interdendritic area is very small and similar to the size
of the c¢ precipitates, see Figure 8.

The Fullman Intercept Method which was used for
size and volume fraction measurements was originally
developed for round and not for cubic precipitates.
Therefore, small differences in the results could occur.
Comparative measurements show that the difference
between the Fullman method and an exact calculation
of the volume fraction is between 4 and 5 vol pct.
Nevertheless, this method is a good method for size and
volume fraction measurements and easy to handle.
Figure 9 demonstrates the effect of the process-inherent
in situ heat treatment during SEBM. Layers which are
built at different heights are subjected to different heat
treatments already during building. Thus, the local c¢
size is a function of the position within the sample and
the temperature. The c¢ precipitates grow during the

building process caused by the process temperature
above 1223 K (950 �C). The precipitates at the bottom
of the sample are therefore larger than those in regions
near the top surface. The c¢ coarsening can be described
in a first-order approach by diffusion-controlled particle
coarsening (the law of Lifshitz and Slyzov),

dt

2

� �3

�
d0

2

� �3

¼ k � t ½4�

where d0 and dt denote the average diameter of the c¢
particles at time = 0 and time = t, respectively, and k
is a temperature-dependent constant.[28]

Based on our experimental results (see Figure 9), the
constant k for SEBM CMSX-4 can be estimated in
Figure 13.
The results show that there are different growth

regimes and therefore different k. Near the surface, the
temperature is still much higher than the building
temperature which is approached in the sample after a
while. For the first 10 layers (0.5 mm, 0.2 h), high k value
of 3.25 9 10�3 lm3/h is determined. For longer times, k
reduces to 7.67 9 10�4 lm3/h. These values for k are
somewhere higher compared to literature values
from MacKay et al.[29] where a quaternary Ni-based
system Ni-6 wt pct Al-6 wt pct Ta-X wt pct Mo was
investigated with k values in the range of
2 to 18 9 10�5 lm3/h at 1255 K (982 �C) depending
on the occurring lattice mismatch of c and c¢ due to
different Mo concentrations. The high value of k for
SEBM CMSX-4 can be explained by regarding two
aspects. In the first 10 to 20 layers below the last melting
layer, there are no stationary temperature conditions due
to melting, re-melting, and heat-affected zones. There-
fore, much higher temperatures are present in this area
before a stationary temperature level is reached. As a
consequence, faster growth of the precipitates occurs.
Afterwards, more or less stationary temperature condi-
tions in the SEBM process are achieved which were much
higher than in the experiments of MacKay et al.[29] The
higher (stationary) temperatures in SEBM result in a
higher value for k.

D. Thermo-Analysis

The DSC curves (Figure 12) show a significant
difference between the as-cast and the as-built
SEBM sample. In the as-cast material, the c¢-solvus

Table II. DSC Analysis Values From Fig. 10

Sample Tsolidus Tliquidus Tc¢solvus

Cast CMSX-4 ~1603 K (1330 �C) ~1669 K (1396 �C) —
SEBM CMSX-4 ~1619 K (1346 �C) ~1667 K (1394 �C) ~1571 K (1298 �C)

Table III. Characteristic Values for G and v in Conventional Casting and SEBM, Respectively

Conventional SEBM

G 1 to 4 K/mm (1 to 4 �C/mm) 200 K/mm (200 �C/mm)
v 0.05 to 0.15 mm/s 20 mm/s

Fig. 13—Growth of the c¢ precipitates during processing and calcula-
tion of the growth constant k.

1478—VOLUME 47A, MARCH 2016 METALLURGICAL AND MATERIALS TRANSACTIONS A



temperature can hardly be determined. The c¢ precipi-
tates dissolve in a wide temperature range between
1523 K and 1623 K (1250 �C and 1350 �C). The peak at
the end of this temperature range indicates the dissolu-
tion of the c/c¢-eutectic phase. In the literature, it is
shown that it is easier to determine the c¢ solvus
temperature for non-heat-treated material during cool-
ing.[30–32] Nevertheless, since we want to characterize the
behavior of the as-cast and as-built material during heat
treatment heating conditions, the focus is on heating.

In contrast to the as-cast sample, the as-built SEBM
sample shows a clear signal at a defined temperature
interval of 20 K (20 �C) from 1563 K to 1583 K
(1290 �C to 1310 �C). A characteristic temperature of
1571 K (1298 �C) can be identified as the c¢-solvus
temperature which corresponds to the c¢-solvus temper-
ature range for CMSX-4 known in the literature.[26] A
typical peak for the dissolution of the c/c¢-eutectic is not
present.

The main reason for this quite different behavior of
the as-cast und as-built samples is again the different
distributions of the alloying elements and the homo-
geneity. During heating the as-cast material, the smaller
c¢ precipitates in the dendrite core are the first to dissolve
due to their high surface energy. At higher temperatures,
the much larger c¢ precipitates within the interdendritic
regions start to dissolve. Finally, the c/c¢-eutectic with
the largest c¢ precipitates dissipates. Thus, strong ele-
ment segregations present in the as-cast material lead to
a wide range of the c¢-solvus temperature.[26,32]

As a consequence of SEBM processing, size, distri-
bution, and volume fraction of the c¢ precipitates are
very homogenous. A difference between the dendritic
core and the interdendritic region is barely noticeable.
Thus, a clear signal in the DSC curves appears indicat-
ing a very homogenous particle size and volume
fraction. Besides this, SEBM samples show only very
small c/c¢-eutectic regions compared to those in cast
material. The small volume fraction of eutectic is the
reason why a dissolution peak does not appear.

The DSC results also show that the solidus temper-
ature of the SEBM samples is about 16 K (16 �C) higher
than that of the cast material. Again, this behavior can
be attributed to the more homogenous distribution of
elements. Probably, the time which is necessary for
heating up the samples should be sufficient to homog-
enize the material.

V. CONCLUSIONS

Selective electron beam melting is used to produce
simple geometries out of the single-crystalline alloy
CMSX-4. Even if this alloy has a high susceptibility for
crack formation, crack-free samples can be realized by
proper adjustment of the process temperature and
processing parameters. The resulting microstructure is
about two orders of magnitude smaller than in conven-
tional castings. The extremely high homogeneity in the
as-built state has strong influence on the size distribu-
tion of the c¢ precipitates and increases the solidus
temperature by 16 K (16 �C). These findings make

SEBM a very promising approach for further investi-
gations and open the possibility to produce defect-free
and complex parts of high volume-fraction c¢ alloys for
application with such remarkable microstructural
properties.
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